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GENERAL PREFACE 


The progress of atomic and molecular theory in recent times 
has proved remarkably rapid and extensive. The subject has 
advanced along many different lines more or less independently 
and the research worker in a specialized branch often encounters 
no little difficulty in keeping in touch with developments not 
in his immediate sphere of thought. It has become increas- 
ingly difficult, though surely not less important, to correlate 
work carried out in different branches. It is in the hope that 
these diverse researches may be enabled to be considered more 
readily in inter-relation with each other and in respect of the 
effect of each contribution to the whole that the author has 
essayed the present task. A work which attempts to view the 
situation along various avenues of approach may perhaps also 
prove of value in enabling a given fact or principle to be found 
conveniently in the original literature. 

The introduction of electron spin into physical theory by 
Uhlenbeck and Goudsmit in 1925 has greatly clarified the 
general theoretical situation, so that the present time seems 
appropriate for a review of the present sununarizing kind. 
Moreover, it would appear that sufficient time has elapsed 
since this important contribution was niade for its true signi- 
ficance to be appreciated. 

The general plan of the work is that of separate volumes 
bearing individual titles, each volume being as far as possible 
complete in it.self as an expression of some leading thought. 
The first three volumes at present projected are intended to 
deal with different aspects of more purely physical questions. 
Further volumes are in contemplation wlffich shall be descrip- 
tive of matters of special chemical importance. 

The treatment is non-mathematical, a few mathematical 
proofs being collected in appendices to certain chapters. The 
conclusions reached in The Basis of Modem Atomic Theory 
b* xix 



QEimiUI. PREFACE 


(Methuen, 1926), designed to give the ezpenmental background 
of the fundamental pnnaples, are here assumed, thus saving 
a considerable amount of space Methods of reasoning from 
the results obtamed, rather than details of expeiimcntal pro- 
cedure and techmque, form the mam concern of tlic piesent 
work 

References to the ongmal hterature necessarily occupy a 
considerable amount of space Titles of papers are given m 
full, it IS hoped that this piocedure will facihtate ease of 
reference Every attempt has been made to ensure that the 
references shall be not only as complete as possible, but also 
accuratdy quoted To save space, references to summanzmg 
papers are frequently given, so that m these cases many of 
the papers quoted m them need not be repeated m the lists 

The thanks of the author aie warmly accorded to numerous 
colleagues who have helped him with advice and co-operation 
It IS with a deep sense of gratitude that he extends his coidial 
appreciation of this assistance, which has proved of the greatest 
value On the other hand, the author accepts sole responsi- 
bihty for design and execution, mdividual expression of opmion 
and any ^ps or defects overlooked dmmg revision 

Each volume is brought up to date to the time of pubhcation 
as far as possible The author would be pleased to be informed 
of anything of significance which he may have madveitcntly 
overlooked 

If the work is found to encourage m any measure the wider 
study and mvestigation of problems ansmg m a fascmating 
fidd of modem thought, or to assist and direct the cneigies of 
the army of workers, the author wiU be amply repaid for tune 
and care entailed m its production 

CHDC. 

Department of Inorgamc Chemistiy, 

The Umversity of Leeds 

Afnl, 1934 



PREFACE TO VOLUME II 


Modern physics has trained her most po-werM weapons 
on the closely guarded strongholds of Natme This is particu- 
larly true m the fidd of the fine structure of matter, where the 
saentific combatant, safely entrenched on high ground already 
won, glimpses with justifiable satisfaction the fertile lowlands 
where he may hope to reap the fruits of his campaign Prom- 
ment amongst expeiimenial means which have pioved them- 
selves especially efficient are the X-ray, the dielectric cell, and 
the spectioscope La Mei ,* m tlie mtroduction to a symposium 
on moleculai constitution hdd imdei the auspices of the 
Amencan Chemical Soaety in 1929, recognized these three 
instruments as assuming special significance at that tune 
Progress m the mtervemng penod has done much to estabhsh 
their importance This matter forms the theme of the present 
volume, the thiec named expeiunental methods being treated 
m Parts I, II and III respectively (issued for convenience in 
three sqiarate bmdmgs) 

Part I IS devoted to discussion of crystal and related struc- 
tures as determmed by X-rays Space is economized by refer- 
ence to the valuable Struhturbmehi (1931) prepared by Ewald 
and Hermann m cormection with the Zetischnfi fur Knstatto- 
graphne The second volume of this work, covenng the penod 
1928 to 1932, has appeared this year (1936), and was theicforc 
not available to the author dmmg tlie preparation of his 
manusenpt Tlie method of classification of crystal structuies 
suggested in the 1931 volume has been followed as closely as 
possible, apart from certain amendments, especially m dealing 
witli orgamc and mtermetalhc compounds (Tables XXlII, 
XXIV, XXV and XXVII) Complex morganic compounds 
aie classified according to number of atoms per molecule for 
*V K fa Mer Chtmteal Rmtus, Wi), 0 , 445-<f5o 
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ease m reference It is hoped that no outstanding lesults m the 
penod under review have been overlooked Space is saved in 
references by not lepeatmg papers ated by Ewald and Her- 
mann the present lists are mtended to be used m conjunction 
with their work, so that it is hoped that the eicpeiimental data 
on any given substance may be found qmcldy and convemently 
in the original hterature In the final chapter on the relation 
between aystal structure and chenucal constitution, the authoi 
gratefully acknowledges the assistance he received from the 
fruitful discussion held under the auspices of tlic Faraday 
Society m 1929 

The Debye theory of polaiization, Fajans’ theory of defoima- 
tion and the denvation and meaning of dipole moments loim 
the leading themes of Fart II The more lefined measurements 
of didectnc constants and refractive mdices have played an 
important part The comprdiensive Table of Ihpole Moments 
(1934) of Hampson and Marsden published in the Transactions 
of Hie Faraday Soctefy, has proved itself remarkably useful 
m agam saving reference space and mcreasmg the availabihty 
of experimental data A detailed account of work on the Keii 
Efiect doses the Fart Folarization phenomena are found to 
take then place alongside the other Tnain avenues of appi oach 
m providing valuable information about the structme and 
stereochemistry of organic and morgamc compounds 
Discussion of the results of spectroscopy is commenced m 
Part 111 , with special reference to newer adaptations of the 
quantum theory m relation to hue spectra The treatment is 
contmued m Vol 3 dealing with band spectra, but the part 
given separatdy here seems well able to stand alone, as an 
rntroduebon to the study of spectra The denvation of the 
quantum numbers, omitted from Vol i 5, is given as caie- 
fuUy as possible In this connection, acknowledgment is due 
to the monograph and hst of references due to Gibbs m hw 
Line Spectra of the Elements I Early observaieons and Systems 
of ClMstficahon (1931), pubhshed m the Revterv of Modem 
Physics The present author is satisfied if he has met with any 
success m his attempt to impart to those nn’fa'miiiflr with recent 
devdopments the fascination that he feds m that romantic 
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department of atomic science, tibie mterpretaiion of spectia and 
the mward nature of the penodiaty of the elements More 
purdy chenucal considerations receive some attention m the 
closing chapter of the volume An elecliomc penodic table has 
appeared m time to be mduded m the Appendix to Part III 

Even with the saving of space effected by utilization of the 
summaiizmg works mentioned above and of others referred to 
m the text, it was soon realized that a very large number of 
lefcrences still remamed The question of the amount of space 
which should be devoted to their accommodation occupied the 
attention of tlie author for some time, as a consequence of 
which it was deaded to depart horn pevious practice to a 
ccitam extent, by onuttmg the titles of papers in those chapters 
which dealt mainly with espenmental data It was found 
possible to retam the titles m other cases, where theoretical 
aspects seemed particularly important (chapters I, XI, XIV, 
XV, XVI and XVIII) It is hoped that the change of pohey 
necessitated by exigenaes of space will not diminish tlie use- 
fulness of the book 

The preparation of a work of the present kuid by one indivi- 
dual must necessarily be spread ovei a consideiablc penod of 
time, and it was deemed piefeiable to bring the whole volume 
up to a certain date rather than to add to poitions (wntten at 
later tunes) work done after the date The book is designed to 
cover the penod up to that surveyed by Sctefice Abstracts 
{Pkystes) of January, 1935 Ftom this deffmte date, more 
recent woik may be found m latei numbers of the above and 
other lists of abstracted papers 

References m the text to 'The Basts of Modern Atomic 
Theory, mentioned m the General Preface, are given as 
Basts, with sectional reference number 

The author desires to acknowledge with tlvanks the kmd 
permission of the Editors of the Phtlosophtcal Magaztne to 
reproduce Fig CXIII, and to the Editor of the Proceedings of 
the Leeds Literary and Phtlosophtcal Society m respect of 
Figs evil and CXXII In all cases, the diagiams have 
been specially drawn for this work, and the author's thanks are 
due to Mr. R G A Dimmick, who prepared some of the ongma], 
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drafts foi this purpose The kmd pcinussion of Professor 
Plauck aud Messrs Methuen, Ltd , to reproduce the quotatron 
hieing page i is gratefully acknowledged The author’s tlianks 
are also accorded to Miss L Wilson, for assistance m indexing 
and proof-reading 

CHDC 

Department of Inorganic Chemistry, 

The Umversity of Leeck 
November, 1936 
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It is well known that no science develops systematically 
according to a definite preconceived plan^ but that its 
devdopment depends upon practical considerations, and 
proce^ more or less simultaneously along different lines, 
corresponding to the many ways of looking at the problems, 
and to the time and views of the investigator. ... It 
frequently happens that theories are found to be interrelated 
which were started from essentially different view-points; 
theories, when extended and completed, turn out to be similar 
and begin to influence one another, appearing helpful or 
inimical according to circumstances. 

Max Planck, in A Survey of Physics (Methuen, 1925). 
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THE FINE STRUCTURE OF 
MATTER 

PART II 

MOLECULAR POLARIZATION 
CHAPTER X 

DIELECTRIC CONSTANTS 

26. General Theory : the Dielectric Constants of Gases 

Ideal dielectrics are characterized by a possibility of attaining 
and maintaining a state of electric stress without any continuous 
supply of energy from outside sources, and differ in this respect 
from ideal conductors. There exists, however, no sharp linfi of 
demarcation between conductors and non-conductors, and the 
two types of substance merge continuously into each other. In 
practice, therefore, dielectrics must be regarded as permitting 
the passage of an extremely minute electric current. 

Meissner'’ has asked : “ What is an insulator ? ” and con- 
cluded that insulating materials contain positive and negative 
ions close together, with strong bonds between them. Gudben* 
has suggested that the current in a dielectric is due to dipoles 
as well as ions. The electrostatic field in dielectrics is treated 
mathematically by Wessel.® 

According to Coulomb's law, the force between two charges 
of magnitude e and e’ concentrated at a distance v centimetres 
apart is proportional to is given by 


where « is the *' dielectric constant,” referring to the mediiun in 
which the charges are placed. The dielectric constant of a 
mfidinTTi may be measured by the ratio between the capacity of 
a condenser having the given dielectric separating the plates 
and that of the same condenser when the dielectric is air. The 
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dielectnc constants of gases are not far removed from the value 
unity. 

I'he force F exerted at a point where a unit charge is situated 
by a charge e at distance r from it is given by putting e' = i in 
tlie expression of equation (i), so that 


F = 


e 


( 2 ) 


andjP —fje'. This force is a measure of the strength of electric 
field, or of the " electric intensity ” at the point in question. 
Moreover, the surface density of charge a- at distance r 
induced on a conductor by a charge e is given by 

^ ~ 4it ’ ey* “ 4 it ^ 

It may be added that the quantity of energy per unit voliune in 
an electrified dielectric is given by the expression eF^jSir. 

The dielectric constant of a medium varies for different wave- 
lengths of radiation pas-sing through it, and approaches a limit- 
ing value corresponding to infinite wave-length and zero 
frequency. This value is usually quoted in tables, and is 
obtained by extrapolation of measurements. An advantage of 
referring « to zero frequency is that the number obtained is 
applicable to " static ” fields, such as are set up between the 
plates of charged condemsers. 

According to the Clausius-Mo.sotti nile, tlic quantity 
(e •— 4- 2 ) is a constant independent of temperature, d 

being tlie density of the medium. Actually, wide divergences 
from the rule arc often found, a discu.ssion of whidi follows 
later. " Molecular polarization ” P is defined by the relation : 


€ + 2 


( 4 ) 


where M is the molcctilar weight of tlic substance (see tliis 
vol. : 2()). 

Maxwell deduced from the electromagnetic theory of light : 

( 5 ) 
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where r «> is the refractive index of the medium for light extra- 
polated to infinite wave-length. Within the limits of applica- 
bility of this relation, combining equations (4) and (5), the 
" molecular refraction ” If may be written : 


Jf 


y® —I M 


( 6 ) 


This is the Lorenz-Lorenta relation. Complicating facts in 
.studsdng the applicability of the above relations are : (i) both 
6 and r vary with wave-length of radiation employed ; (2) P is 
not generally independent of temperature. These matters are 
considered below. 

Methods of determining dielectric constants have been 
summarized by Bliih.* 

In the case of gases, dielectric constants do not vary very 
much from the value unity, so that equation (4) becomes very 
approximately 


P 


e — I Af 

3“’^ 


(7) 


(e _ i ) li being sometimes called the Newton function. If P is 
to remain constant with changing pressure (or density), c — i 
must be proportional to i. Now the function should also be 
independent of temperature, but this is not generally true. The 
failure of the older theory in this respect led Debye to state the 
theory of polar molecules, according to which (see this Vol. : 30c) 

p^a-frY 


where T is the absolute temperature, and «, h are constants 
having special significance. This theory is treated in the 
sequel. Equation (8) may be written in the form PT =aT + b, 
or 6 = T{P — a), PT being linear with T. 

Jona® verified this result of the Debye theory in the cases of 
air, CO„ NH„ SOa and the vapours of CHjOH and HaO over 
varying temperature ranges up to about 45o°K. Satisfactory 
agreement was found, except where gases were at temperatm^ 
near the liquefying points, marked rises in PT being observed m 
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the cases of H, 0 , CHsOH and SO* (see Figures LX and LXI) 
This anomaly was attributed by Jona to association Furthei 
work in establishing the vahdity of a relation of the type (8) has 
been earned out by Weigt* on CO and COj, by Compton and 
Zahn^ on HCl, HIBr and HI, and by Stuart* on air, CO 2, and the 
vapours of methyl and ethyl ethers, ethylene oxide and acetone. 



the last-named between room temperatmes and iSoX. In 
each case, the vanation of « — i with 2 ' diows a smooth curve, 
the dielectric constant falling with nsmg temperature as pre- 
dicted by the theory 

The Qausius-Mosotti rdation was found to hold good by 
Tangl* m respect of changes of pressure in air, H, and Ng 
between 20 and 100 atmospheres, and by Occhiahm and 
Bodareu^® for air up to 350 atmospheres The dielectnc 
constants mcreased with pressure, as required by the Clausius- 
Mosotti and Newton relations Further work was earned out 
by Riegger^ on air, H„ CH*, COg and CO over a pressure 
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range 400 mm to 760 mm , and by Waibd^* on air between i 
and 40 atmospheres The results 3nelded almost peifectly 
constant values of the functions (4) and (7) over the ranges 
studied 

Zahn^> detemuned the dielectnc constant of water vapour 
between 3 and 20 mm pressure and over a temperature range 



23" to x65'*C At room temperature, the curve connecting 
6 _ I ’9yith pressure was found to consist of two straight parts 
connected by a curved portion giving a change of stope This 
uregulanty tended to disappear at highei temperatures, and 
7 .ahrt explained it by adsorption, which increased with pressure, 
of water molecules on the condenser plates during the deter- 
nunation, leading to mcreased capacity and dielectric constant 
It was suggested that the nreguknties observed by Jona near 
the temperature of condensation might be similarly explained 
Wolf“ found hnear relations between e — i and pressure for 
C 0 „ Na, 0 , and H, between 1,200 nun down to very low 

22Z 



TILE BINE STBUCTUBE OF MATTER L* 

pressures, whilst foi HjO and NHa curves of the typo dosciibcd 
by Zahn were obtomed The ehect of altenng tlxc disiaiut* 
between the condensei plates was studied The lesults wait' 
somewhat unfavourable to Zahn’s adsorption hj^pothosis 
The e of Nji® IS found to give a constant Clausiiis-Mosotti 
function from i to i,ooo atmospheies pressure and Xioin 25“ 
i 5 o®C An earher observation^* showed that tho e of thy, 
dust-free air increased hnearly with pressure, up to 170 atmoft- 
pheres On the other hand, and allowed 

small changes m the Clausius-Mosotti function at high 
pressures Keyes and Kirkwood"’^* suggested that the 
relation was only apphcable to the case of infimtely low density, 
and proposed a modified foimula (see this vol 29) 

Recent measurements have been made on the following * 
He,*» Ne,*®'*i Kr,«® Xe,*® H,,*® Oj,*® Na,”'*®’®'*’**'*® 

dir,!®'*® COa,«'«'*0'*» NjO, NO,** CO,** NHs,*® Silli.®-* 

Sl,H„** SF„** SiFe,»* CSa,*®'»» CH,,** CaH„** ('oU#.** 
CaHa,** CaH,,** CaHaCl.,*^ CaH^Bl,,*’ .llltl 
CHaCOOH *®i Metafile vapoms were examined by Krugoi and 
Maske *® 

Strong electric and magnetic fields*® are found to liavo no 
efiect on the e’s of He (20 cm piessmo), dir and Oa (noniml 
pressure) The zero influence of stiong magnetic fields has boon 
confirm^ for A,®* Oa,*®’** Ha,*® COa*® and Na.*® 

Methods of calculating e's have been apphed to Hc,**>** A,” 
HF,** F a,*® Qa,** Bra** I, ** A hnear relationship** is found 
between log(«"*) and the lomzation potentials of the inert gast*s. 

The energy associated with explosive mixtuies of CO and 
Oa*® has been detenmned by the didectnc strength (D.S.) of the* 
gaseous medium It is found that diying with PgOa inctoases 
D S , small amounts HaO at first reduce and then mcioasc 1 ).S., 
whilst addition of Ha reduces D S The capaaty component, 
however, is not necessarily responsible for igmtion,** and 
SmitheUs and co-workers** were justified m concluding that Ha 
IS more effective than HaO m increasing the sensitivity towards 
igmhon of aCO -f- Oa mixtures 
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27 The Dielectric Gonstants of Liquids 

(A) Pure Liquids (a) Inorgantc Substances The change 
of the dielectiic constant of water with wave-length has been 
studied by a number of obsei vers “•m»«>*«> 47.48,40 value for 

long waves is veiy appoxunately 79 Lih Kockel*® estimated 
the changes of dielectnc constant of water with tempeiature, 
and denved a contmuously falling curve between 0° and ioo°C 
The variation was not found to agree with the Debye formula 
(8), FT being not hnear with T Although rather better agree- 
ment was obtamed with another foimula due to Gans, the 
matter does not appear to have been very satisfactorily 
explamed Moie recent work is due to Astm,®^ Cuthbertson, 
Lmton and Maass,®**®* and others ®®*®* 

Other moigamc substances studied are HjO,,®® NjHi,®’ 
Bij,®® hqmd S®*<®® and P 

Work has also been earned out on the dielectnc constants of 
hquefied gases Thus Wachsmuth” records the following 
results of MesstorfE on hquid oi(ygen, nitrogen and atr 
respectively e = i 51, i 58 and i 56 Ebert and Keesom” 
investigated the dielectnc constant of hquid nitrogen over the 
temperature range 63 9 to 76 , and found that the Maxwell 

and Clausius-Mosotti relations were vahd Work has been 
done on the dielectnc constants of hquid oxygen, hydrogen and 
hekum m the laboiatory of Eamerlmgh-Onnes For hqmd 
oz3^en, over the temperature range 90 3 to 70 8®K , the 
dielectnc constant vaned horn 1 145 to z 239, and the Clausius- 
Mosotti function PjM = (« — i)/(« -+• 2 )d between the limi ts 
0 1167 and 0 1173 For hqmd hydrogen, over the range 20 4 
to 14 4®K , the dielectnc constant varied from i 211 to i 236, 
and the Clausius-Mosotti function from 0 928 to o 951 The 
piessure was steadily decreased over the ranges named For 
hquid helMun, a dielectnc constant of i 048 at 765 mm pressure 
was obtamed Further more recent work has been earned out 
on hydrogen cUonde,^ mtrogen,** argon, ^ methane** and mtrons 
oxide *® 

(b) Orgamc Substances Ratz^® calculated the temperature 
coeffiaent of dielectnc constant of a large number of orgamc 
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liquids, and Abegg ajad Seitz^' found, a lapid. increase in 
dielectnc constant ■with temperature m the cases of toluene, 
ether, acetone and am^l and ethyl alcohols, the 'values of e con- 
forming approximately with the rdation € = c where c 
IS a constant A sudden fall m dielectnc constant 'was found 
to occur on sohdification, an observation confirmed by other 
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workers Isnardi and Cans” fotmd that the didectiic constant 
of ethyl ether rose to a maximmn ■value at — loS^C , below which 
it feu rapidly to a constant ■value for the sohd state A some- 
what difiterent curve was obtamed for toluene (Figure LXf I) 
In the case of ether, the Clausius-Mosotti function was not 
constant, but FTjM =* (e — i)r/(« -f 2)<f was found to be 
linear with T, as the Debye equation requires This is shown 
m Figure LXIII, which may be contrasted with Figure LXIV, 
where the Gausius-Mosotti function is found to be practically 
constant m the hquid state for toluene, the PT curve being 
linear with T, and, when extrapolated, passmg through the 
origin These figures clearly show the difference m behaviour 
between polar ether and practically non-polar toluene m respect 
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fulfilled foi me^l and eOiyl tdeohoU between +iu° and — ioo°C 
Polai cldoroform gave restilts similai to ctbci, and carbon 
tetrachloride, benzene, w-asy/oZ behaved as non-polar like toluene 
The meaning of these results is most easily mteipictcd in the 
light of the Debye theory (see this vol 30C) 

Heiz™ collected a large amount of infoimation icspecting the 
values of the Qausius-Mosotti and Loienz-LoicnU functions foi 
a large number of organic hquids It was found that P was 
appioximatdy equal to R for many hydrocaibons md for 
thiophene, wheie the Maxwell relation was obeyed In the cases 
of most orgamc chloiides, bromides and iodides, esters, aads, 
alcohols and ammes, the P/P ratio departs widely from the 
value umty In homologous senes, the latio tends to decrease 
with mcreasmg caibon content 
Walden^^ measured the dielectiic constants of 60 piuiiied 
solvents foi a senes of different temperatmes, and found that 
the Qausius-Mosotti function was not constant and vaiicd with 
temperature Liqmds having high dielectiic constants were 
found to contain " dielectrophoio " groups m their molecules, 
the groups being mainly negative m chemical clioiacter, as 111 
the fbUowmg cases -OH, -NO„ -CN, -SON, -NCS, 
— NH„ — F, —Cl, — Br, —I, =CO and =SOg In oidei to 
obtam ahigh didectnc constant, these gioups must be combmed 
with otheis called " dielectrogeno," piomment amongst winch 
arc — H and the alkyl groups CH„ CgHs, CgHj When didcctro- 
phore groups are combmed together, the didectnc constant is 
low, as m hquid Cl,, Br^ and C2N2 
An mcrease m polarity of a molecule is gcneially associated 
with mcrease m didectnc constant This is also found to 
accompany the mtroduction of “ semi-polar ” bonds mto 
molecular structure Thus, for diethylsulphite (C2H50)2S->0, 
where one semi-polax bond occurs, • = 16, whilst for ethyl 
ethyl sulihinate 
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wheiG two beim-polar bonds aie present, c » 42 The presence 
of polaiity may, howevei, lesult m molecular association lu such 
a way diat the didectiic constant is lowcied This is a 
secondary ellect (sec this vol 40) 

Walden and Weiner*® obseived a ditfcicncc m the didcclnc 
constants of cts- and /ra^t^-dichloroethylenes (CHQ CHQ) 
The results iccoided for 100m tempeiature (about i6°C ) weie 
cts-compound, « = 3 67 , iraws-compound, « = 7*55 Eireia 
and Lepmgl^ found the values at ao^C ws-compound, 
6 = 9 aa , </'a«4-compound, « = a 25 The older of dielectnc 
constants is thus reveised Eirera** discussed tlie isomeis of 
CHCl CHI, the positions of the atoms m the two geometiical 
isomendes having been deteimmed by van dc Walle and Henne 
The iodine atom appears to be lelatively positively chaiged m 
lektion to the diloime atom m the molecule, the dipole moment 
of the ^am-compound m dilute benzene solution being found to 
be moie than twice that of the cts-compound The moment is 
maeased by mm easing the distance between the unhke charges 

Furthei moie recent woik has been earned out on the follow- 
ing organic compounds poniane,^^ /icjcawc,®®*****’ heptane,*'^ 
octane,*’^ nonane,*^ rfccawa,*® tmiecane,*'‘ doAecans,^’^ ethyl 
«i^,®*'®®’*”*®® Hr- %so-propyl ethers,^ methyl ethyl ketone,^ 
methyl chlor%de,^ chloroform, m^yl oyamde,^ rndhylammef^ 
eihylamvw,^ urethane,*^ mmochdoracetnc aetd methyl alcohol,^ 
ethyl alcoholf^ and tso-propyl alcohols, »- and tso-buiyl 
alcohols,**'*^''’^ dimethyl eOtyl carhmol,^* amyl alcohol ,’® oxalyl 
chloride,*^ dtoxan,’^ ethylene ifteWotWe,®®*®’*’^ eihylene glycol,*^ 
propyle^ chlonde,*^ acetal,^^‘^ ethyl hehenate 6 ff«w»i«,®^*®*i®®' 
64 . te. 67, as , 71 m^fo& 6 »irc 7 tc,®*'®®'**>*®’^®>''^ lenzonetnle,^^'^ chLoro~ 
'henmief*>^>'<^‘''^ phenol,^ 0-, m- and;^-fl^Ze»«s,®* o-nvlrotoluene,*^ 
o-methyhutirohenzoate,^ acetophenone,''^ omnamic eddehyde,^ 
gumohne,'"' and methyl cydohexane ** 

(c) Influence of CondtHofts Many mvestigations have been 
earned out on the cEect of pressuie on the didectnc constants of 
hquids *® Kyropoulos®* used pressures up to 3,000 kg /cm *, 
and found that whilst « diminished with mcreasing pressure for 
ether, carbon tetrachloride, ethyl and methyl alcohols and water, the 
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Clausius-Mosotti function was constant only for the first two 
named In the othei cases, P decreased with mcreasmg 
pressure, and this was attnbuted to the edect of association 
whidh tended to mcrease the number of complexes having 
smaller moment than the unassomated molecules Danforth^* 
has measured the didectnc constants of ten hqmds for pressmes 
up to 12,000 atmospheres Whilst m many cases the leaprocal 
of the Qausius-Mosotti function vaned hneaily with density, it 
was found that the relations m the cases of carbon i\suJ/plnic, 
pentane and effiyl ether were more compheated 

MaJsch‘* detected no change m the dielectnc constants of 
water, glycerine and ether, usmg fields of mtensity 100,000 
volts/cm This result was not m accord with the Debye theoiy 
In a further mvestigation, using an improved method, the same 
observer" found small W appreciable dimmutions m e at 
250,000 volts/cm , amounting to 0 7%, i*o% and i 5% for 
water, mtrobenzene and efftyl alcohol respectively Allowance 
being made for the effect of association, the results were found 
to be m agreement with the Debye theory Eautzsch" studied 
the variation in e with changing electrostatic fields, and used 
the lesults to calculate the dipole moments of eiher, chloroform 
03 x 6 . chlorobenzene Saturation effects were observed m the cases 
of the first two named Gundermann®* has reviewed the work 
on the effect of field strength, and has confirmed that the 
dielectnc constants of hqmds fall with field strength, and finds 
them to be diminished proportionally to the square of the 
apphed field, as the Debye theory requires 
Lunt and Ran'® have found that the dielectnc constants of 
benzene, ether and chloroform do not vaiy with frequency from 
I to x,ooo kiloc3rcles per second In the cases of ethyl alcohol, 
acetone, anihne and mtrobenzene, a slight mcrease was observed 
between 100 and 1,000 kilocycles per second For rather longer 
waves m the neighbourhood of 10* to zo® kdocydes per second, 
the Debye theory requires a marked decrease with mcreasmg 
frequency m the dielectnc constant of hqmds having dipde 
moment, accompamed by strong absorption of the electnc 
waves This effect, known as " anomalous dispersion,’' was 
first observed by Drude The absorption is responsible for 
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" dielectric loss," and results m heating the didectnc In the 
case of a polar hquid, the efiect of an alternating field is to 
onentate the molecular dipoles, but the polarization due to the 
orientation reaches its maximum value r seconds later than the 
field, where t is the " rdaxion time," of the order io-“ sec 
The theory, so far as it has been worked out by Debye, leads to 
the conclusion that the polarization formula (see this vol 30C) 
must be modified m such a way that the second term (due to 
permanent dipoles) is divided by 1 + uor, where <0 is the 
number of vibrations m sv secs Hence the dielectric constant 
decreases as a> mcreases, m accordance with obseivation The 
relaxion time is given by an expression mvolving 17, the viscosity 
of the medium (see this vol 31C) The anomalous dispersion 
occurs at a frequency given by x/r *• Experiment has largely 
confirmed that non-polar hquids give no didectnc power-loss, 
whilst polar hqmds give heating efCects mcreasmg with n 
This has been dearly established in the case of the isomenc 
itchlorohefusenes Jackson®* has mvestigated power-losses m 
lenzene, toUum, cHLorobenzent and mtrobmzmz Evidence of 
the existence of dipoles alcohoh has been obtamed by 

Krause®® by this method 

Goss®® has explamed, by apphcation of formulee due to 
Raman and Knshnan, the observed slight increase in total 
polanzation of a non-polar hqmd with temperature 

Piekara and Schdrer®^ have shown, m the cases of eight 
orgamc hqmds, that the didectnc constants mcrease m magnetic 
fidds of 51,000 gauss 

(B) Liqmd Mixtures Researches consideied m this sub- 
section mdude cases where the leading interest hes m the 
detemunation of e's of hqmd mixtures, and the influence of 
conditions (vanation with concentration, temperature, etc) 
Further cases are treated m this vol 37 Convement sum- 
maries have been provided by Lowry®* and Lichtenecker ®® 

The detailed researches of Williams and coUaborators^*® and 
of Smyth and collaboiators^®^ may be bnefly noted here It is 
found, in general, that the polarization of a hqmd is mdependent 
of admixture with non-polar solvents The Debye condition 
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for vaiiatioii mth tempeiatuie was found to be vaJid, for 
infinite dilution, in the cases of solutions of cMorobmzene, 
hromohenzene and chloroform in hexane 
Many attempts have been made to express the dielectiic 
constant of a hquid mixture m teims of the dielectnc constants 
of the components The general relation takes the foim 

f(«) = ®if(ei) + (9) 

for binary mixtures, where c, and ej aie the dielectnc con- 
stants of the mixture and components i and 2 respectivdy, 
and V2 3 ^ 'tb^ ratios of the volumes of the components to tlie 
volume of the mixture, and the same function of the dielectnc 
constants concerned is used throughout, m a given case Thus 
Silbeistem,^*’* assummg no change 0/ volume on mixing and no 
mteraction between the constituents, denved a thermodynamic 
proof of the formula obtained by puttmg f(e) = e m equation 
(9) The law was found to give satisfactory results m the 
comparison of calculated and observed dielectnc constants of 
mixtures of benzene and phenyl acetate Kerr^<** studied orgamc 
mixtures confomimg to Silberstem’s rule, and found certain 
deviations which were attnbuted to molecular assoaation 
Grutzmacher^®® supported Silberstem’s assumption by expen- 
ments on the mixtures carbon tetrachionde^arbon iisulpheie, 
carbon ieirachlortde-cliloroform, carbon disulphude-benzene, and 
toUiene-benzene Phihp,^®* m the course of an mvestigation 
covenng a large number of orgamc mixtures, studied (i) the 
case f(«) = (« — i)/(« +2), using the expression which occurs 
m the Clausius-Mosotti formula, and (2} the case f(«)aay^— i, 
as m a formula associated with Beer, L^ddt and Gladstone (see 
w.st.ios^ Either formula gave equally satisfactory results 
where both components of a binary mixture possessed low 
didectnc constants, as with mixtures of benzene and edur and of 
carbon dxstdphede and chloroform In other cases, certain 
discrepancies appeared, especially where alcohols weic used as 
one component, where the pure alcohols and solutions more 
concentrated m alcohol showed abnormally high values of the 
dielectnc constants as compared with those required by the 
mixture formulae Such cases may be linked with the occui- 
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rence of molecular association Similai results were obtained 
by Philip and Ha3mes^*” m mixtuies containing phenols, which 
are known on cryoscopic grounds to associate in benzene and 
othei solvents (see Phihp and Qark^«) The theory that 
deviations from the mixture rules may often be attnbuted to 
association has been largely confiimed by work, earned out in 
the light of the Debye theoiy, as, for example, by Lange,^®* 
according to which two types of association may occur, havmg 
opposite effects on the dielectiic polaiization Wiener^^® put 
f(e) = (« — i)/(e + «)» where « assumes various values, such 
as 0, 2, e, 2e and oo For u = 2, the formula reduces to that 
used by Phihp (case i), and for « = 00 , to that of Silberstem 

More leccnt work has fully tended to confiim the mapphea- 
bihty of a formula of the type of equation (9) to geneial cases 
Piekarai“’“* studied waUr-alcohol mixtures in otl, mercury in 
oil, and mercury m vasditie, and conduded that ideal non- 
homogeneous mixtuics do not obey a hnear additivity rule In 
ceitain cases, the dielectnc constants of hqiud imxtuies are 
greater than those of eithci component this is tiuc of water- 
hydrogen peromie^^ and ethyl alcohol-propyl akohol mixtures ®® 
Accordmg to Kyiopoulos,^“ the mixture lule is never acemately 
obeyed foi example, m acetone-benzene mixtures, dissociation 
of acetone ocems, wlulst with mixtures of methyl alcohol and 
acetone in water, hydiation is responsible for variations Ball** 
has studied toluene-amyl eUcolwl mixtures Bnegleb"* reports 
deviations from additivity for mixtuies, as follows carbon 
disulphtie-heplane, carbon disulphude-carbon teirachlonde, carbon 
dtsulphde-benzene, and m other cases Ilowdl and Jackson^^* 
find a nearly Imear rdation for the mixtuie phenol— in-cresol, 
whilst deviations aic found for phenol in weder, amhne and 
p-tolmdvne Wymaa,“* however, has found the lather un- 
expected result that the additivity rule holds throughout all 
langes of concentration for mixtures of the polar liquids woder 
and t^l alcohol 

The variation of dielectiic constants of hquid mixtmes with 
tempeiaiuie’^® has been found to be expressible by a formula 
« » ae ~'‘^ , where a,boxo constants, m the following cases, water 
being one component methyl, ethyl, n-propyl, wopropyl, and 
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terhary butyl alcohols , eOtylene glycol, glycerol, acetone, mannitol 
and cane sugar 

Hiegemann^^ has found the high frequency conductivity of 
water-glycerol mixtures to be mversely proportional to the 
square of wave-length, as theoiy requires Haass^^' has studied 
the anomalous dispersion of hexyl alcohol gradually diluted with 
benzene, and finds that the peak maxima shift m the direction of 
lower wave-lengths with mcreasmg amounts of benzene, the 
corves becoming at the same time mcreasmgly flattened out 
Amyl alcohol m benzene behaves similarly In the work of 
Kiause, •• previously noticed, it was diown that m the region of 
anomalous dispersion, mixtures of butyl alcohol with oil, oil and 
carbon tetrachlorule, and pure carbon tetrachlonde respectivdy 
showed decreasing fiequency conesponding to maximum loss 
with mcieasmg viscosity of the mixtures, m accordance with 
the theoretical conclusions made by Debye 

Johnstone and WiHiams”* exammed the variation of «'s for 
solutions of nitrobenzene and p-dtmirobenzene m mineral oil of 
high viscosity, and found that « decreased with mcreasmg 
frequency The relaxion time was calculated foi mtrobenzene 
by the Debye formula (see this vol 30C), allowance bemg 
made for molecular association The calculation also 3neldcd 
an estimate for the moleculai diameter of the right order of 
magmtude 

(C) Aqueous Solutions (a) Electrolytes The earher investi- 
gations weie conducted on dilute aqueous solutions, with a view 
to ascertaimng whether the dielectnc constant of water was 
raised or lowered by addition of a solute The effects m such 
solutions were found small m all cases studied, but the evidence 
proved somewhat confhcting, elevations of dielectnc constant 
being found by Cohn,“® Nemst"^ and Smale^” and depressions 
by Diude“* and Palmer 

More recently, Lattey“* has found lower dielectnc constants 
m dilute solutions of KQ and CuSO^, and Bluh^®* has deduced 
on theoretical grounds that the dielectnc constants of electro- 
lytic solutions should decrease lincaily with mcreasmg con- 
ductivity, the assumption bemg made that departures from the 
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mixture rules may be attnbuted to hydration of ions It is 
found that the experimental values of Sommer (Dissertation, 
Berhn, 1923) are m quahtative though not m exact quantitative 
agreement with the theory Furth,“' usmg a new experimental 
method, finds first a decrease and then an mcrease m « between 
0 and 1% NaCl m water The minimum is less strongly marked 
when the potential between the condenser plates is 30 than when 
it is 15 volts Zahn^“ reports a lowenng of e for concentrated 
solutions of strong electrolytes, the value foi saturated LiCl 
bemg smaller than for NaQ solution of the same conductivity 
Walden, Uhch and Werner^*® obtamed minima m the curves 
cormecting e with concentration for non-aqueous solutions, but 
for aqueous solutions of KQ, CdBrj, BaQ, and N(C,H7) J, the 
ascending parts of the cmves were not realized Hellmaim and 
Zahn^®® have found the mcrease m dielectnc constant with 
concentrated solutions m water, and that, m the case of certain 
salts, the dielectnc constant of water is exceeded Aqueous 
solutions are divided by the authors mto two classes (i) those 
which at high concentrations show only small loweiings of 
dielectnc constant, and m which the maease at higher con- 
centrations IS not proved, as HCl and the alkali hahdes, and 
(2) those which ^ow a definite minimum of dielectnc constant 
conespondmg to a certain limiting concentration, and which, 
after passmg the mmimiim, give rapidly-mcreasmg values, as 
CuSO* Deubner“® and RieckhafP*® record results m geneial 
agreement with those of HeUmann and Zahn The falling parts 
of the curves may be associated with ion hydration and the 
onentation of water dipoles by 10ns, and tiie subsequently- 
maeasmg values of dielectnc constants with more concentrated 
solutions, leadmg to values higher than that of pure water m 
some cases, with the thinning of the water layei around 10ns 
due to the decreasing propoition of water molecules 
More recent work has shown widdy varying observations, as 
m the case of aqueous potassium chlonde, where four different 
results have been reported (i) Carman and Schmidt^®® found 
a ummum in the curve comiectmg dielectric constant with 
concentration A similar result was obtamed by Astm, whilst 
Mihcka and Slama®®® have found minima for 19 different 
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aqueous salts, aads and bases (2) Drake, Pierce and Dow®* 
found that the dielectric constant of aqueous potassium 
chlonde was not much affedd by concentration, and nearly the 
same as for pure water (3) Carman and Smith^*® reported for 
this substance in dilute solution that the dielectric constant 
first mcreases above that of pure water, and then dccicases, 
giving a maximum, similar results being found m other cases 
(4) Lattey and Davies“* found a condant tncrease with con- 
centration for several salts, mcluding potassium diloiide in 
aqueous solution Orthmann^*’ reported similai results for 
silver salts Malone, Ferguson and Case’*® called attention to 
the generally discrepant nature of the results, and pomted out 
tihat the problem was even more complex than had been 
realized, and that no adequate theoretical treatment had been 
given to the divergences The dielectric constants of aqueous 
solutions appear, however, to be remarkably sensitive to 
changes in (a) temperature,”* and (b) frequency,”* and this 
may partly be found to accoimt for the discrepancies 

Kossel,® m the course of his consideration of chemical electro- 
static phenomena, considered the work necessary to separate 
K+ from Q“ m the case of KCl, equal to e®/ar, where e is the 
electromc charge (4 77 x 10“’* E S umts) and r the distance 
separating nearest centres m the crystal, taJeen as 2 x io~® cm 
This gives 5 4 X 10“’® erg The thermal agitation energy (of 
three degrees of freedom at i7'’C) is 3RTI2N per inolccide, 
where E is the gas constant = 0*8312 X 10* eigs, N the 
Avogadro number = 6 x 10®* and T the absolute tompeiatme 
(29 o‘’K } Substituting these numbers, the molecnlai theimal 
agitation energy may be approximated as 5 8 x 10 eig, 
which IS evidently insufficient to ionize tlie substimeo. In 
water, however, the energy necessary to separate the oppositely- 
chargedions becomes «®/e 2r, oi^Vx 5 4 X 10"’* = 6*8 X 10 
erg, so that the thetmaJ agitation energy becomes of the light 
order, enabling dissociation to occur Similar considciations 
would apply m the case of non-aqueous solvents 
Theoretical treatment of the dispersion of diclectnc constants 
of strong electrolytes m solution, and the relations between 
conductivily, concentration and dielectnc piopertias, is duo to 
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Debye and FaJkenbagen.i*® whose theory is based upon the 
conception of ionic atmospheres, first suggested by Debye and 
Huckel The treatment has been extended to mixed solutions 
of strong eIectrol3d:es It would take us too far fiom our 
present course to examme these theones m detail, and the 
general theory of electi ol3rtes will be treated elsewhere It may 

be noted here that the Debye-Falkenhagen theory has been 
largely verified by several authors, notably by Zahn,^" Wien,*'" 
JeXewski and Kamecki,*" Plotze,“® Stips*** and Hennigei 
Fmther details will be found m the hteratme cited 
(b) Non-EkciroJytes Non-dectrolytic aqueous solutions have 
also received their share of attention Harnngton*" mvesti- 
gated sugar and urea solutions, following on the investigations of 
Diude Laltey*** also examined sugar solutions, whilst 
Kockel®® studied the temperature variation of sugar and urea 
solutions Furth,**® m an important mvestigation, exaimned 
the variation of dielectric constant with concentration in the 
cases of (i) dextrose, lavuhse and cane sugar, whose values 
decreased with ma easing concentration and were never greater 
than that of pure water, {2) urea and glycocoU, which ^owed 
maeasmg dielectnc constant with mcreasing concentration, and 
(3) sacchann, whose value first mcreased and then decreased 
In cases where a use is noted, this is attnbuted on the Deb3re 
theory to the solute containing a greater number of dipoles per 
umt weight than the solvent, the subsequent decrease after 
passing a maximum being associated with the mcrcasmg 
viscosity of the solution. If this maximum falls at zero 
concentration, the curve iclatmg didectnc constant to con- 
centration will contmually deaease due to the viscosity effect, 
and substances of Furth’s type (i) wdl fall m this class. The 
samo type is obtained where the dipole moment of the solute is 
less thw that of the solvent If the maximum is located at 
saturation, a contmually increasing curve is obtamed (Furth's 
type (2) ) If it ocems anywhere else, type (3) above is 
obtamed Tlic results of Furth provide examples of all the 
types, and illustrate Debye’s theory remarkably well The 
matter will be taken up again m connection with the Debye 
theory. 
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Fiarth and Blnh.^®'' have investigated amphotenc substances 
containing " Zwittenons ” in aqueous solution, and fiwH m all 
cases a mELXunum value in the curve connecting « with con- 
centration, the curves first rising and fhan falling away Sub- 
stances examined were hippvnc and sulphanthc aetds, 
hehanthtn, and ortho- and paia.-amtnobenxo%c aetds Serums and 
other substances of biological interest have been examined by 
Furth^®® and Keller i®* The dielectnc constants of egg 
albumin solutions have been measured i®® 

Devoto^®* measured the dielectnc constants of aqueous 
solutions of sulphamnde SO,(NH,) 2 , and deduced the polar 
foimula NH S0(NH8+)0~ For fl»w«o-flw<?s,^®®'^*® the 
dielectnc coefiOicient (rate of mcrease of • with concentration) 
maeases with mcreasmg length of cham, and is proportional 
to the corresponding dipole moments Further confiimation 
of the theory of amphotenc ions has been obtained for arnino- 
ffcwfs, pobypephdes'^'^'^’^ and gdaivn 

(D) Non-Aqueous Solutions (a) Dissolved Gases Two 
researches may be noted here G^es dissolved m oils are 
found to have a marked effect on their dielectnc constants,^®* 
whilst hydrogen chlomde dissolved m benzene, cyclohexane and 
carbm tt^achlonde has a highei polarization than m the fiee 
gaseous state ^•® 

(b) Dissolved Sohds Eggers^*® studied the dielectnc con- 
stants of solutions of sulphur m carbon disulphide, and found the 
values to he between those of the pure components In othei 
cases exammed, this did not hold According to Platzmann,^®® 
sulphm has a low dielectnc constant, and therefoie low ionizing 
power (see bdow) Rosental^®® has leported that solutions of 
sulphur m benzene obey the Clausius-Mosotti law, whilst in 
carbon disulphide a small increase of polarization with tem- 
perature occurs Dobinski^®^ has deteimmed the dielectnc 
polarization of S m the last-named case as o 252 cc pel 
gram 

Kahlenberg and Anthony^*® have examined solutions of 
different metaJlie oleates m various solvents It was foimd that, 
m general, the dielectnc constants of solutions were only 
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slightly less than those of the corresponding pure solvents An 
interesting fact about these solutions is that the effect of the 
metal was masked m the observations 
Walden^** leported his mvestigations of solutions of the salts 
of alkylfSvbsifiUited ammomum bases m three solvents chloro- 
form (e = 4 95), meihylene cMonie (« = 8 i) and eOtyl formate 
(e = 8 2) It was found that the dielectnc constants of the 
solutions were m general much higher than those of the pure 
solvents and ma eased with maeasing concentration Thus, 
the dielectnc constants of solutions of tetradhylawmomum 
chlonie m methylene chlonde at dilutions of 40 and 20 htres were 
9 3 and 10 15 lespectively The peicentage maease m didectnc 
constant was greatest for the tetra-substituted ammomum 
compounds, and for tlie solvent of lowest dielectnc constant 
(chloroform) Attempts weie made to apply additive lules 
proposed by Phihp, Bouty and Silbeistem with vaiymg success 
Moie lecently, Walden, Uhch and Weiner“® have found a 
loweimg in e at lower concentiations m such solutions of the 
salts of substituted ammonias with a subsequent nse with 
maeasing concentration, so that cuives showing minima often 
lepiesent the results, as in the case of tetraprQj^lamrwnwm 
witde m tetracMorethane This lesult is reminiscent of that of 
Fuith”® on aqueous solutions Krauss and Fuoss^'® have 
studied Ihe influence of dielectnc constant on conductance m 
the case of tetrorSubsMuted ammonttm salts m ethylene dtchlonde, 
dtoxan, benzene, and mixtures of these It is found that 
speahe influences due to the solvent axe not conspicuously 
present In further work,^®^ it was found that m benzene as 
solvent, the maease m dielectnc constant due to dissolved 
substances was greata for electiolytes {tetra-ammomim salts 
and stiver perchlorate) than foi Ta.-dtniirobenzene 
Accoidmg to the Debye theory, an apphed electiic field should 
icsult m the lowering of dielecinc constant of a dipole solvent 
Although the evidence is somewhat conflicting, the conclusion 
appears to have been hugely justified The lowering of 
dielectnc constant m solutions containing 10ns may thus be 
associated with the polarization of the solvent by 10ns In more 
concentiated solutions, the degree of ionization may be less, 
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and the efiect of nndissociated sohite dipoles may enter in, 
causmg an maease m dielectiic constant as ohseived m many 
cases 

The relation between the dielectiic constants of solvents and 
their capacity to ionize has been the subject of extensive 
researches, particulaily by Walden Tliomson”® and Neinst^’* 
suggested many years ago that the dielectiic constant of a 
solvent was the fundamental piopeity deteimimng its 
dissoaatmg powei Walden'^’'* mvestigated the clcctiical con- 
ductivities of substances m non-aqueous solvents, foi example, 
m Uqmi sulphur dtoxtie, and found that many substances not 
normally legaided as electiolytes weie capable of giving 
conducting solutions In the later woik,”* it was demon- 
strated, m the case of Uircuihylamnionvurii todtie m different 
solvents, that a close parallelism existed between dielectiic 
constant and dissoaatmg powei of a solvent , tlic gi eater the 
dielectnc constant of the solvent, the greater was the degree of 
dissoaation of the salt of the substituted ammomiun base foi a 
given dilution The degree of ionization m a solvent was found 
to vary approximatdy as the cube of its didectiic constant In 
the comse of this mvestigation, the related phenomenon of 
" electrostiiction,” whaeby a deaease m volume occais m 
connection with solution of a substance m a solvent havmg the 
power to produce a conducting solution containing ions, was 
also exanimed (No IX of the senes of papers”*) This effect 
had been previously observed by Diude and Nemst,”* and by 
Kohlrausch and Hallwachs,”* and was further mvestigated by 
Polowzow™ for non-electrolytes It appears to be connected 
with the change of dielectnc constant of a solvent with changing 
pressure, already noted 

The case of fortnanude (e = 84) is of mteiest on account of 
the comparison afforded with water (e = 79) As solvents, the 
two hquids show great resemblance, and both ayoscopic and 
conductivity measurements have mdicated that KI and 
N(C^()4l are about as highly ionized, other things being equal, 
m fonnanude as m water 

Walden”*'”® also studied the effect of the dielectnc constant 
of a solvent on the association of the solute It was fotmd that 
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the degree of association increased with decreasing dielectric 
constant 

Schaefer and Schlundt^ found certain cases of apparent 
exception to the Thomson-Nemst role connecting lonizmg 
power and dielectiic constants of solvents It was found that 
the hqwd Ityirogen hahdes had low dielectnc constants (ega = 
4 6 at 27 7“C , eau, and em being lower still), although they 
possessed marked ionizing power for orgamc aads and alcohols 
Palmei and Schlundt“* further investigated the cases of liqu %4 
anmonta, plmplmie ani sMnne, and found that hquid ammonia 
possessed the highest value (« = 25 4) The decrease of 
dielectnc constant with mcreasing moleculai weight in the case 
of hydiides was thus confirmed Liqmd ammoma, having a 
iclativdy high didectnc constant and good ionizing capacity, 
provided a case where the Thomson-Nemst rule held very w^ 
The authors added that, m view of the previous work on the 
hydrogen hahdes, such concord with the rule could not be safely 
piedicted lor hqmd phosphme and stibme also 

Two simple idations may be noted Sachanov and Pische- 
boiowsky“* studied the conductivities of solutions in solvents of 
low dielectnc constant, and found that a law of the type Ad" = 
A constant held good, A bemg the conductivity and v the 
(hlution Walden^* found the lomc conductivities at infimt e 
dilution of solutions examined to vary mversely as the viscosities 
of the solvents 

Foul further researches remam for bnef notice Williams 
and Allgeiei^* studied the influence on e of changes of con- 
centration of ienzotc aetd, phenol, wdtne, anhmony inchlortde. 
Inn lelra%odtde, and silver perchlorate m benzene solution Haller 
and OitlolP** found decreased polarization m the case of 
solution of acefylcellulose m amkne, tneO^l aeetaie, toUndine, 
methyl glycolacetate and meOiyl glycol Wyman“^ has examined 
the dielectnc constants of amphol5des formmg rwitteiions 
{^ovne, amnnobuiync aad, glycvne pepHdes) m a vanety of 
solvents {ethyl alcohol, urea,glyeme), and finds that the dielectnc 
constants of the solutions are practically additive properties of 
the constituents In certain cases, evidmce of compound forma- 
tion has been found m the b^aviour of change of « with 
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cozLcentration Thus maxima occur at 50% concentration for 
phemol dissolved m qutnohne, and for a-dtmirophenol m 
amhne 

The work reported in the present and piecedtng sub-sections 
reveals a consideiable number of cmious discrepanaes between 
the experimental results of diffeient observers As noted 
previously, the results are sensitive to small tempeiature 
changes, and it may be that m some cases insuihaent attention 
has been paid to thermostat control Further development m 
this field must await the advent of moie consistent eiqienm^tal 
evidence 

(E) Colloidal Solutions In 1897, Drude^** studied gdattnc 
gels and found little variation m their dielectiic constants 
compared with that of pure water Furth,^*® m an investigation 
already noted, showed that gelatin and albuimn soUtitons gave 
dielectnc constants whose values diminished with increasing 
concentration Walden“® fotmd that, for a given solute 
ietratsoamylamrnontum toixAe, the tendency towards colloidal 
solution formation mcreased with dem easing dielectnc constant 
of the solvent employed Thus mtrdbenze/ne (e = 35) gave an 
ionized solution, glaetal aoeiHc acti (e — 6 ) and chloroform 
(e = 5) a molecular solution, and benzene (e = z 5) a coUoidal 
solution of the salt of the ammomum base KeUer^®* detei- 
nuned the dielectnc constants of a number of colloidal solutions 
by Dnuje’s method, and found the results to be sometimes 
abnormally high and sometimes abnormally low Thus fresh 
blood serum gave a much higher value, whilst hydrated coUoids, 
gdatsn and alhumm gaevt lower values, than wafer The 
dielectnc constant of a concentrated gold i^drosol was found to 
be e = 60, and for a diluted sol, « » yz Piekaia“® and 
Fncke,“* however, report that the «'s of gold sols are about 
equal to that of water Potasstnm hydroxide in tolutdtne and 
hydrogen (Monde m benzeddehyde were found by Kellei to be 
molecnlaxly dispersed and not lon-dispersed In the loimer 
case, the particles were dectronegative, and m the latter, 
electropositive According to Werner's result that the ionizing 
capacity of a solvent vanes directly as the cube of its dielectnc 
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constant, the ionization of a salt in water to that of the same 
salt m benzaldehyde would stand m the approximate laiio 
8o® 15*, or about 150 i 

Marmesco^*® pomted out that it is possible to deduce the 
molecular weights of dissolved proteins by considering then 
dielectac constants as a function of wave-length It has been 
estimated by this method^®® that gdaim consists of molecules 
of diflEerent weights vaiying from 13,500 to 96,300 

Furthei work on serdlbummp-^^ casnn gc/,’®® 

g«to»»,i*®'“®*^®* and various may be noted Con- 

siderable divergence m dielectnc behaviour is leported thus, 
whilst seralbumm has e approximately equal to cu o> isoelectiic 
sols of albumin and other proteins have high «’&, probably due 
to a preponderance of polar zwittenons In the case of 
seralbumm, it is necessary to suppose that the icactive ammo 
and carbonyl groups axe symmetncally distnbuted on the 
surfaces of the colloidal particles Casern gd shows maeasing 
polarization with mcreasing water content, which may be 
asaibed to the formation of hollow spaces iich m water 

The dielectnc constants of sols containmg rod-hke particles 
showmg double refraction have been mvestigated by Eiieia,-^*® 
Szegvan®*® and theoretically by Bikerman ^®® Fiey^®® has also 
studied the double lefraction of diqiersoids in relation to the 
apphcabihty of Wiener's mixture rule A noteworthy case is 
provided by vanadtepentoxide hydrosols, the dielectric constants 
of which are abnormally high, bemg sometimes as great as 800, 
and decreasing with maeasing dilution The dispeisoid has 
high dipole moment,!®® causing onentation effects which vary 
regularly from place to place m the sol * Fuith and Bluh,*®® 
using shorter wave-lengths than Enera, have shown that the 
dielectnc constant of a fieshly-picpared vanadic pcntoxidc sol 
IS less, whilst that of a sol three years old is considerably gi oatci , 
than that of water It appears that the eUcct of ageing lu 
tliese sols is to produce the rod-hke structure and to mcrease the 
dielectric constant Fiicke“» has advanced conadeiatioiis 
against the rod-hke par tide theory, and holds tliat the 
important factor m mcreasing dielectnc constants of sols is tlic 

* Tbo (lipolo momoat is oX tlie oidoi ^ a ^X5 Debyo uniib 
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entiy of ciystaUization, which is lesponsible for the aeation of 
new surfaces Thonwn Itydrosnde io/s have e’s much gieatci 
than that of water 

The phenomenon of ihixotiopy, wheieby sols set m ceilain 
cucumstances mto jelly-hke masses, has also been considcied 
horn the standpomt of dielectric constant Vanadto jienloxtde 
sols lendeied thixotiopic by sodium chloiide,*®* and stannic 
aetds sols treated with mcreasing amounts of hydrochloiic acid 
causing setting, have deaeased dielectnc constant The 
opposite appeals to be true of gelaiin sols “® Thixotiopy may 
be possibly accounted foi by the foimation of chams of watui 
molecules, tending to link neighbouring colloidal pai tides 
together *®^ On the rod theory, it would appear that m the 
thixotropic state the rods aie partly held by these chains, so 
that they are not leadily onentated by an applied iidd This 
would account for the observed decreased dielectnc constants *®* 
Errera*®* has studied the influence of ageing on the stabihties 
of HgS, CuS and Pt alcosols, m i elation to then stabihties m 
dispersion media of vaiying dielectnc constants Addition of 
substances having a higher dielectnc constant than the solvent 
has no coagulating influence , whilst addition of bodies having 
a lower dielectnc constant than the solvent causes coaguktion, 
in mcreasing degiee as the difference m dielectnc constants 
mcreases 

Millikan*®* tested the validity of Wiener’s additive lule m the 
case of emulsions of water m a nuxtme of carbon Ulracldonde and 
benzene It was found that by making an appioximation 
owing to the relativdy high value of the dielectnc constant of 
water, the lelation held to withm i% of the obseived values 
Piekara*®® has found that the dielectnc constants of flne 
partide emulsions axe not m good agreement with the requue- 
ments of an extended Clausius-Mosotti foimula The impor- 
tance of sizes of particles and the extent and natme of their 
surfaces is emphasized It is suggested that the changes of 
dielectnc constants with particle size may be connected with 
adsorption at surfaces, the fleld at the extenor of particles bemg 
different from that m the mtenor 
Farther work mcludes measurements of the e's of colloidal 
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solutions of itamtne blue, dtamtne black and methylene bltie,^'^* 
of acetylcellulose in methylglycol acetate, methyl glycol, dtaceloiie 
alcohol, ethylacetoglycoUate,^^ and of polyvndenes and poly- 
styroUs In the cases of the last-named types of lugh 
molecular weight, the polarizations show mamma m the moic 
highly-dispersed colloidal legion, whilst the dipole moment 
mcreases with increasmg molecular weight 

Two papeis relating to the oiientation of coUoidal pai tides m 
an alternating field are worthy of notice By the method of 
calculating molecular weights fiom data of diange of c with 
frequency, it is found possible to distinguish between mono- 
dispeise (equal-sized partide) andpoly-dispeise (dillercnt-sizcd 
paitide) systems A new expression is devdoped for idaxion 
time,**® and it is shown that the behavioui, , predicted by 
Wagnei, for an assemblage of spheres having dideicnt con- 
ductivities may result m a poly-dispeise system The impor- 
tance of par tide size and distnbution in size becomes dear 

(F) Liquid Crystals. Lehmann*^® chaiactciized hqmd 
oystals as substances of high molecuLu weight mteimediate m 
natme between truly amorphous liqmds and cxystalhnc sohds 
Bosc”-^ mterpieted the phenomenon by a tendency, associated 
with double refraction, to parahd orientation on the pait of the 
molecules concerned JeXewski*“ and Kast*“ mvestigatcd the 
connection between didectnc constant of hqmd aystals and 
their onentation m a magnetic fidd (see this vol X5D) Kast 
found that this group of substances might be divided mto two 
classes, according as the long axes of the molecules weie the 
directions of least or greatest didectnc constant Omstem“* 
obtamed results m general agreement with those of Kast The 
two classes named conespond to symmetiical and uns3mi- 
metiical molecules respectivdy; for the former class, « 
dea eases, and for the latter, e mcreases with mcrcasmg 
magnetic fidd, when the substances are exammed m the mdted 
condition 

The X-ray photographs of hqmd crystals m an alternating 
fidd, as well as measmements of didectnc losses, prove the 
existence of a cntical frequency at which anomalous dispersion 
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sets m (see section 27AC above) “® This cntical frequency is 
sensitive to changes in temperature"® and to the prescnw of 
impunties The dielectnc losses m ^aaoxyam&oU give a 
large temperature giadient, mvolvmg difficulties with Debye’s 
frictional theory of anomalous dispeision 
The swaim theory of hquid oystals (see this vol 15D), as 
developed by East and Omstem, mvolves groups each cont.un- 
mg perhaps 10* molecules »».“« The molecules withui any 
given swarm he parallel, but the swaims themselves aie 
nonnally distnbuted at landom, so that the whole is amso- 
tropic The complete alignment of the swaims with an apphed 
alternating electnc field occuis at the cntical hcqueuey 
mentioned above The lotation moments aie laige, and about 
10® tunes the molecular moment Dielectnc measuit*- 

ments m -^soxyamsoh and benzophemne show that immediately 
pnor to fusion the swaims are m a state of quickly-changing 
dimensions ®^® Fmther information is available m tlic hteratuie 
cited 


28 . The Dielectric Constanta ot Solids 

(A) Espenmental Data, (a) Inorgamo Sttbiiaiiccs Tlu* 
more lecent results on the dielectnc constants of sohcls mdiido 
measurements on the following — /ccM7.mo.*s6 ^ Oxtdei (MO 
type) of Mg,****®’ Cu,» 9 * Sn,*®’ hJ,*" Pb,*®’ (M, 0 , type) of Al,®** 
Cr,*M sb,»** Bi,*** (MO, type) of Ti,**«-»*»‘»»’ Zr,****” Ba,»** 
Ce,**®Th,*»* (other types) Ag,0,*»*Sb,04.*** TajO,,***-**’ WO,,**® 
U,Oe ,*»’ Fluondes of Li, ******* Na,***-**» K,»»» Rb,*** Mg, **»■»*'» 
Ca,**®-*»» Sr,**®-**® Ba,**®-**® Fe,*** Co,®»» Ni ,**• CMorulei, of 

Ti'***.*B7 Sr,*®* Pb ,**’ Breves of Li,**»-**® Na,»**-»*®-**» •**-»*« 

Rb,**®-**®-*®* Cs,»®* Tl ,**» Iodides of Li, **»-**» Na,***-*** K,***-**® 
Rb,***-**®-*®* Cs,*** Carbonates of Ii,**« Na,*** K.*** Rb,**» 
Cs,**® Be,**® Mg,**®-*»i Ca,**«-**i Si,**® Ba,**®-*** Mn,*’* Zn,*»* 
Pb,*®* Nitrates of Na,**® K,**» Ca,**®-**»-*®* Sr,**»-*»*-*»* 
Ba,**®-**®'*** Pb ,**®-*®* SiOphaUs of Sr,*®* Ba,*®* Pb ;»»* Cupric 
sulphate petitahydrate ,***‘*^ Sodmm thiosulphate pentor 
hydrate ,»*»-»*i Normal and aetd phosphates of Na,*®’ K ,*»*-*«’ 

244 



X 28Ab] TUX DmOSCTBIC C0NSTA1TT8 OX SOUDS 

Dihydrogen arsenates of Na,*» K ,*“•“» Arseniies of Na,*” K 
the sulphide,”^ chlorate,*'^ bromate,*^ %oictie^ cyaw^e®** and 
thtocyanaie'''* of potassium , Plaiino(yanides of Mg,®“'®*® Ca,®** 
Sr,*» Ba,®»i Yt,®®» RoeheOe saa,a«.M». 2 ja.» 84 . 28 a Cahtwm 
tungstate,*^ The «/«»w,®®® Hydrocyanic**^ and Sihctc*** 
acids j Glass***'*** and Porcelain 

(b) Organic Substances Methyl chlortde ,*** Methylene 
chloride,*** Methyl bromide,*^* Methyl iodide ,*** Carbon 
tetracMonde ,*** Benzene,*** Bakehte,*** Keramot,*** Ebonite,*** 
Paxohn,*** Millboard,*** Rubber,***'*** Chlorinated diphenyls,*** 
Sugar,*** Starch,*** Broom charcoed,**^ Tobacco,*** Cellophane*** 
and Cellulose acetate ®®* 

(B) Influence of Conditions The dielectnc constant of a 
solid IS less for the powdered than for the compact state 
Results obtained by Baumann are recorded by Heydweiller ®** 
The influence of temperature was studied by Joachim,®** who 
obtained constant c's between 17“ and — i8o°C for powdered 
sulphur, anmoniim sulphate, mercuric chloride and cyanide, and 
lead chloride Dietench®*^ found, however, that the available 
data on sohds mdicated a small positive temperature coeffiaent 
Fmther measurements on fluorspar, gypsum and glass 3udded 
tempeiatuie coefficients of a 05, 3 75 and 1 37 X io~* 
respectively, whilst the value for quartz was very small mdeed 
Bretscher®*® has discussed the temperature variation m the case 
of ionic crystals , the predictions of theory are not fulfilled m 
the cases of sodium chloride and calcium fluoride This may be 
in part attnbuted to the mcorrectness of the Bom type of 
potential function (see Vol 1 19A) 

In general, a discontinuous change m e occurs when a 
substance passes from the hqmd to the sohd state (see Vol r 
13) Errera®®® has concluded that hquids containing non- 
polar molecules, for example, benzene, hexane, -p-dushlorobmzene 
and titanic chloride, have mcreased « on sohdification, whilst the 
reverse occurs for frequenaes at which the dipoles contmue to 
oscillate m the case of polar hqmds, for example, water, ntiro- 
methane, methyl cyanide and nitrobenzene The didectnc con- 
stant of phosphorus pentachlonde rises on sohdification ®** In 
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the cases of hydrogen chlonde,**'*^’^ hronude*^^ and for 

some distance below the melting pomt, the sohd molecules 
appear to onentate themselves m an apphed field to about the 
same extent as m the corresponding hqmd states, after which e 
diops suddenly withm o i^C The transition temperatuies 
between different modifications are cleaily shown by bieaks m 
the « cuives It has been shown m the laboiatoiy of Kamei- 
hngh-Onnes* that m the case of sohd hydrogen a maximum e is 
leached at the melting pomt, as m Table XXXV 


TABtr XXXV— DIELECTRTC CONSTANfS OP LIQUID AND SOLID 

HYDROGFN 


L%qmd Hydrogen 

Solul Hydrogen 



e 

Ihcssuio 
(mm Hr) 

J ompoiiiliirc 
('■K) 

■ 

755 

20 

I 225 

18 

XfO 

I 2il8 

•557 



4a 

n 5 

I 224 

80 

Ti| 6i 

X 2|r 

35 

T 3 3 

I 2t2 




33 

n i 

1 2tt 


An interesting case is provided by sohds having highly viscous 
hqmds For example, ghtco’se*’^'*- shows no discontinuity m « on 
passing fiom viscous hquid to solid state Similar results aic 
iccoided foi horate glasses 

Evidence of compound formation may sometimes be gamed 
horn a study of tlic variation of « with composition thus 
Lowry and jessop*** found a pionounced maximum at the 
composition coiicsponding to SCI4 m tJie case of solid sulphur- 
chiorme systems Glasses*'* diow mcicasmg e witli mcreasing 
metallic oxide content relatively to sihca Rubber*** is found 
to give a maximum, « for ii 5% sulphur, falling to a minimum 
at 2a%S, and rising agam up to 3a%S In the ohms,*** c 
appears to be a measure of the force by which HaO is held by 
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the sohd thus it is greatest when the atomic volume of the 
replaceable metal is least 

Gudden and Pohl*®* foimd that light falling upon phos- 
phorescent Siiot blende (zmc sulphide containing a mmute trace 
of copper) was accompamed by an mcrease in dielectnc con- 
stant This effect is apparently connected with the displace- 
ment of electrons from copper to sulphur under the influence of 
light, the return of these electrons being responsible foi the 
phosphoiescent properties of the substance, m accordance with 
Lenard's view It may be supposed that the shifting of 
electrons maeases the polarization of the substance and thereby 
the dielectiic constant is also ma eased The effect was forthei 
investigated by Molthan,*** who found that with decreasing 
wave-lengths the r aising of e by light was diminished Wilde**' 
found that the effect leached a maximum at about i4o‘’C 
Heiweg*®* further studied the temperatiue influence, and the 
effect of varying electnc fields 

A few furthei results may be noted Gu^ben**’ showed that 
irradiation of thin layers of sohd dielectncs with rays from 
radium bromide appeared to produce no change in «, to 
withm I part m i,ooo Layers of alimtmum oxtde, antmofiy 
teiroxtde, hsmuth inoxtde, and ztrcomim oxtde^^ have e 
mdependent of field mtensity up to la x xo volts per cm 
Ebontte, vulcantie md glass'** show strongly-marked maxima m 
the wave-length region aoo to x,ooo metres The dielectnc 
losses and power factor of sodtim cAlortde"* have been studied 
The presence of moisture is found to mcrease the power factor 

(C) Additivity Rules Heydweiller®*® attempted to apply 
Wiener’s foimula (this vol 27B), putting u =• 4, to salt 
hydrates wheie the dielectnc constants were known for the 
a:^ydrous and hydrated salts, and thus to detennme the e of 
water m such cases It was also found that Pd/M was approxi- 
mately twice JRd/M (see equations (4) and (6) of this chapter) 
foi many salts exammed Molecular refraction corresponds to 
election polarization, whose absoiption region is m the visible 
and ultra-violet, whilst molecular polarization corresponds to 
atom polarization m the in£ia-red It thus appeared that 
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dectroH and atom polanzation were about the same m these 
cases 

John*" studied the apphcabihty of Wiener’s rule to mixtures 
of atr and sohd bodies of known shape, for example, brass 
spheies or rubber cubes Stoecker®** earned out a sirnilai 
investigation on imxtures of potassium cMonde and atr 

Tausz and Rumm*“ studied c’s of hydrated mateiials, and 
found a logarithmic mixture rule for the sohd and air to be 
apphcable The «'s mcrease with mcreasing water content, and 
show mcreasing vaxiabihty with temperature, as illustrated, for 
example, by dned and hydrated sthcic aetd Fmther, for the 
same water content, different specimens of starch gave drfleient 
*'s This was attnbuted to varying proportions of “ movable " 
water, having high «, and " fixed " water, havmg lower e 

(D) Nature of Dielectric Polarizatioti in Solids. Lydia 
Inge and Walther®*® placed a crystal of sodium chlonde between 
a pomt and a plane electrode under oil, and subjected it to 
" surge ” potential of dioit duration It was found that the 
discharges took place along certam prefeiied directions, running 
from the pomt m the surface m the directions of the four 
diagonals of the aystal cube 

Murphy and Lowry®** hold that m sohd dielectrics direct 
current conduction takes place along a system of channels of 
sub-micioscopic size (compare Smekal's theory of ciystals m 
Vol 1 aiC) Dielectric loss, associated with electneal energy 
converted mto heat, takes place on account of free ions, 
adsorbed ions or polarization of molecules, and the authors 
discuss the possible mechanism of the process WiUiams®*® has 
consideied the channel conduction theory m lelation to the 
micelles existing m cetMose, silk and tissue (this vol ly), and 
condudes that conduction is due to lomc processes opeiating 
between fibres and ebams Similar views are expressed by 
Stoops *** X-rays®*®'®*^’®**'®®® have been apphed to the pio- 
blem, with the general condusion that the passage of electnaty 
through sohd dielectncs must be associated with conduction by 
ions Experiments have been undertaken m this connection on 
cerestne and paraffin wax 
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Eirela and co-woikeis have earned out a large amount of 
work on the dieleclnc properties of the sohd stale, with special 
refeience to polar crystals A summary of the positron is due 
to Eirera Eneia and Sack*^ divide sohd dielectrics mto 
three classes typically polar lattices, molecular lattices, and 
polar lattices having dipole moment In the last-named case, 
exemphhed by tee and RocheUe saU, the dipoles are apparently 
free to rotate in the sohd state Errera's work is fuither 
considered m this Vol 34A A bibhography of work on e’s, 
dielectiic losses and alhed subjects from 1931 to 1934 may be 
noted 

The results recorded m the present chapter consist of an 
array of experimental facts which appear largely unco-ordinated 
It soon becomes clear that dielectric constants are less important 
theoretically than the corresponding molecular polarizations 
(denved by equation (4) ) Moreover, molecular polarization 
itself, m general, is complex, and may consist of three parts, 
termed electron, atom and onentahon polarizations, each 
superimposed upon the others The distribution between the 
separate parts may be more important than the total polariza- 
tion It need not appear very surpnsmg, therefore, if no clear 
relations are found between dielectric constant and molecular 
constitution Regularities appear when the parts are treated 
separately These and kmdred matters form the subject of the 
chapters immediately foUowmg 
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CHAPTER XI 


THE DEBYE THEORY OF POLARIZATION 

29. The Clausius- Mosotti Function 

In ordinary circumstances, unpolarized matter may he regarded 
as electrically homogeneous. Polarization involves the intro- 
duction of inhomogeneity into a system, such as the displace- 
ment of positive and negative charges relative to eadi other. 

The Clausius-Mosotti polarization formula is here deduced by 
the "cavity” method,^*® according to the classical theory, 
prior to the work of Debye. 

Let us consider a dielectric medium to which an external field 
may be applied (Figure LXV). The field corresponds to a 
positive charge on a plate A, and a negative charge on plate B, 
the fidd direction being from A to B. Polarization by induction 
causes the molecules of the dielectric to form into chains as 
diagrammatically represented. According to the classical 
procedure, two cases are considered : — 

(a) A long cylindrical cavity is chosen in the medium, 
assumed to be of infinite length and infinitely small cross-section. 
This is represented by C in Figure LXV. Llie choice of this 
cavity is such that no molecules of the medium are included in 
it, and the field acting in it is that whidi wo.uld operate if the 
effect of the medium were eliminated. The force on a unit 
charge within this cavity is represented by E, which is the same 
as the intensity of the internal field in the case where matter is 
absent, the internal field bdng equal to the applied eicternal 
field. 

(b) An infinitely narrow section D of unlimited area of cross- 
section is chosen, again in such a way that no molecules are 
included between the imaginary plates defimiting the section, 
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The field, or force on unit charge, between the plates is now not 
equal to E, for the induced charges on the plates must be taken 
into account. This field is represented by D, sometimes called 
the “ electric displacement.” 

Let n be the number of molecules per unit volume of the 
medium, and let P„ be the polarization or induced electric 
moment of unit volume. Then the field in case (b) above due 



FiGVitx LXV — ^Ewbct of Extbrnai. Field on a 
Diblxctric Mbdiuu. 

to the surface charges on the plates is given, according to Gauss’ 
theorem, by 4«rP„, so that 

P = £ + 4wP„ (i) 

Moreover, the ratio DfE is that of the field in the cavity D of 
Figure LXV with the medium present to the field with the 
medium removed. This ratio, according to Maxwell, is equal 
to the dielectric constant «, so that 
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This result may be compared with the equation B = jwH in the 
corresponding magnetic case (see Vol. i : 24B). 

Now owing to the mutual interaction of the molecules of the 
medium, the field acting on a molecule is greater than E, and 
may be represented by F. Then, with certain assumptions, in 
accordance with the classical theory,® 

F = E I 4 ”'P« (3) 

3 

The fidd F is responsible for setting up the induced molecular 
moment m. The polarizability a being defined as the moment 
induced by unit field, it follows that 

m = oF (4) 

Also, by the definition of P„, 


P„ = m-n 

From (i) and (2), eliminating D, 

p 

Also from (4) and (5), 

P„ = aFn, 
whence, using (3), 

P„=«a(P+i^P,), 

o 

which leads to 

„ naE 



Thus, equating the values of P„ given by (6) and (7), 
e I na 
4^ I — jTrWa, 

whence 

e — I 

3 ’ ' I — litma 

and 


(5) 

( 6 ) 


(7) 


g — I 
g + 2 


4 

3 — 


( 8 ) 


so that 


the function on the left-hand side of (8) is equated to a 
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term wMdi involves constants depending on the dielectric only, 
and should be independent of temperature. This expression 
involves «, the number of molecules in ic.c., which is directly 
proportional to the density of the dielectric medium. Multiply- 
ing both sides of (8) by the molecular volume V = Mjd = Njn, 
where M is the molecular weight of the dielectric, d the density, 
and N is Avogadro’s number, the following expression is 
reached for the molecular polarization P (compare equation (4) 
of Chapter X) : 

_ e — 1 M 4 , , 

P = — I — -j = - w iVo = 2*54 X io“o (9) 

This is the Clausius-Mosotti relationship, fundamental to the 
present discussion. Perhaps the only seriously doubtful part 
of the argument lies in the derivation of equation (3), here 
omitted, and in the true interpretation of F. According to 
Keyes and Kirkwood,* the Clausius-Mosotti function is not 
quite independent of density, and, whilst furnishing a good and 
useful approximation, is not in exact agreement with the facts 
except in the limiting case of infinitely low density. An 
amended formula is proposed. 

In the case of gases, e does not differ greatly from e = i. 
Here the denominator of the function (e — i)/(e 4- 2) may be 
written as equal to 3, giving, according to equation (9), 

3 P = («-i)-'^=4’rlN^» (10) 


Further, in the general case, the electric moment for unit field F 
is given, according to (4) and (5), by the expression 


P„, = na 


3 e — I 
4'7r e 4 - 2 


(XI) 


If the induced moment m corresponds to the separation of 
charges e by a distance equal to s, 

m =S‘e (12) 

In the case of infinitely long waves (static fields), the molecular 
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polarization may be represented by Pq. Here, within the 
limits of Maxwell’s relation €=yoo®, the molecular refraction R 
may be written 


R = 


— 

fS + 2 


^ 4 AT 

*-r ~-^Na 

A 3 


(13) 


where? r is the index of refraction for infinitely long waves. It 
often happens that Maxwell’s relation does not hold, however. 
Thi.s case is discussed below. 



KuittKh I ,XV1.— ('uKVKs hiiowiNO Vakivi ion ov SPKCixac Polarization with 
DiKr.HTMIC ('ONHTANT, AND OF SVFCmo KKKKAOTION Wim iNDltX OF 
KFKKAOTniN, Hoth curvc« become nnymptotic to tho lino on the extreme 
right of the Figure m the diftleciric ex)iisUuit and index of lofruotiou rcsapec- 
tively approach infinity. 

The function (* - • i)/(« ■{• 2 ) may be termed the specific 
polarization 11, and it is of intere.st to note in what way tliis 
and the corrc'.sponding specific refraction vary witlx c and r 
rc.si)ectivt?ly. The curves arc .shown in Figure I.XVI. It is 
seen that for small values of t, J7 changes rapidly with changes 
of t ; for values of c between 10 and «>, il varie.s from 075 to 
I, the curve becoming asymptotic to the 11 • ■ 1 line. Here 
changes in « jirodnce little cllcct upon 11. It is nevertheless 
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true that JI always increases as e increases. In the specific 
refraction curve, the same considerations hold, but the effects 
are more pronounced, the function changing more rapidly for 
lower values, and more slowly than in the case of the dielectric 
constant curve for higher values of r. 

It may also be noted that the quantities designated by P„ and 
P in the above argument are different in nature and have 
different dimensions. P„ varies with the external field 
(equation (6) ) , whilst P should be independent of field (equation 
(9) ). Moreover, P has the dimensions of Mjd, that is, of 
volume ; whilst P„ has the dimensions of electric moment (or 
charge times length) per rmit volume (equation (5) ). The 
rdation between the two quantities is given, according to (4), 
(5) and (9) by 


Pn 3 ^ p 

P ~ 4^’M 


(14) 


It is observed that combination of (9) and (14) for the case 
P = 1 leads to the value of P„^ given in equation (ii). 

W, L. Bragg® summarizes the effect of radiation in polarizing 
matter in the following way : “ According to the electro- 
magnetic theory of light, the retardation of light passing into a 
medium from space is due to the electric polarization of the 
atoms of the medium under the influence of the light wave. 
The greater the total electrical moment per unit volume pro- 
duced by the wave, the slower it travels, and the higher is its 
refractive index.” 


30 . The Evidence for Permanent Molecular Moment 

The considerations advanced in the preceding section refer to 
the case of molecular moment induced by an external field. It 
is now necessary to examine three lines of evidence for the 
existence of " polar molecules,” having intrinsic or permanent 
electric moment, related in some way to their normal structure 
in the absence of an applied external field. 

(A) Polarization and Refractivity. So long as the Max- 
relation e = r is fulfilled, then P given by (9) is equal to 
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R given by (13), and it is then possible to calculate values of the 
polarizabilities a of atoms, ions and groups from measurements 
of the refractive indices r of different substances. This arises 
from the fact that in such cases molecular refraction R is found 
to be an additive and constitutive property, so that definite 
refraction allotments can be made to the individual atoms or 
atomic groups constituting a molecule. Heydweiller® made 
measurements of the refractive indices of solutions, and 
Spangenberg’ of solid salts of the alkali halide series. These 
results were utilized by Fajans and Joos® and by Bom and 
Heisenberg* to calculate the refractions and polarizabilities of 
inert gas-like ions. Debye gave the following Table XXXVI 
of ionic refractions (see the book : Polar Molecules). 

The measurements of Wasastjema were made on solutions, 
whilst the refractivities of Fajans and Joos are for the 
free gas ions. 

XABtE XXXVI — liEFJRACTIVITIES OF INERT GASES AND lUCLATED 

IONS. 


W Wisastjciiui rj Fajanii «uid Joob 



w 


W 



W 


■ 


D 


W 

I^'J 

0 — 

4 06 


a ’JO 

3 44 

No 

1 ox 

1 00 

Na+ 

074 

0’50 

MR+-I 

044 


s - 

T50 

Cl' 

H *45 

0 00 


4 23 

4 JO 

K-I- 

3 85 

3 33 

Ca-I 

X <19 




T 3 i - 

xi'81 

12 07 

Kr 

6*42 

(»37 

Rb+ 

4 ’41 

3 5fi 

Si 1 1 

3 32 





18 17 

19 24 

Xt* 

10 56 

10 43 

CsH- 

7*30 

6 24 

tu I'-l 

5*34 

4*28 


From these refractivities, the polarizabilities of the ions may be 
calculated using (13), by which a — ^Rl4rrN, or 0-394 X xo~^R, 
inserting the values N - 6-o6 X 10®® and «■ = 3’i4- This 
gives, for example, the polarizability of the fluorine ion F” as 
0*87 X 10"®* (sec Table XXXVII). Bora and Heisenberg® 
evaluated the polarizabilities of Li'*’, Na"* and K"*" as 0-075, o-zi 
and 0-87 X 10“®* from the theory of spectra, in connection witli 
the effect of the dcformabilitie.s of ions on the Rydberg constant. 
From these numbers, other values were obtained by difference 
from Spangenberg's measurements. The deformabilities of the 
inert gases were calculated by means of tlie Lorenz-Lorentz 
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formula, using the indices of refraction taken from tables and 
extrapolated to infinite wave-length. Mayer^® calculated the 
polarizabilities of ions of rare gas type by the method of Bom 
and Heisenberg, using corrections for penetration and higher 
order defomation of ions, with the result that the values for 
positive ions were found to be lower, and for negative ions 
higher, than had been previously assumed. Schoppe,^^ follow- 
ing the method of Herzfeld and Wolf,^® obtained results in 
essential agreement with those of Mayer in the case of univalent 
positive ions. The results are collected in Table XXXVII. 


Table XXXVII.— POLARIZABILITIES OF INERT GASES AND 
RELATED IONS. (xio“) 

W Wasas^ema. BH Born and Heisenberg M Mayer S Schoppo 


r 

3 


w 

BH 

M 


W 

BH 





S 


W 

BH 

\m 

■ 





He 


0 2C 





0 034 




138 



0 87 

099 

0 90 

Ne 

0*25 

039 

Nra+ 

o*t8 

0*2X 

0*183 

0 15 

Mg-l- H 

0 xz 

0 12 


m 

a— 

3 33 

305 

2 95 

A 

1 05 

z 63 

K+ 

071 

0*87 

0 844 

0 74 

Ca+ + 

049' 


H 


Br- 

4 67 

417 

406 

Kr 

i*6o 

24c 

Rb+ 

'1 10 

z 8 t 

1*43 

1*38 


0 80 

1 42 

■ 

■ 

I— 

7*8 

628 

60c 

Xe 

2 6^ 

40c 

C8+ 

X 82 

a *79 

2 45 

2 33 

Bal’ + 

1*30 


L_ 



A1+++ (BH) 0 065 

S1++ + + (BH)oo 43 






Bom and Heisenberg used their values of a in connection with 
(i) effective nuclear charges of inert gas-like ions, and (ii) the 
vaporization heats of the alkali halide salts. With regard to 
(i), a relation of the type a. = C{Z — s^) ~® was found to fit the 
facts, C and Sp being constants for a given set of ions having the 
same number of outer electrons, for example, in the series 
F“, Ne, Na+, Mg++, A 1 +++, Si'''+++. The quantity Z — $p 
measured the effective nuclear charge, the shidding constant 
Sp due to the outer dectrons being taken as O for the He("K”), 
6 for the Ne(“ L 13 for the A(‘‘ M ”), 28 for the Kr(“ N ”) 
and 46 for the X(“ 0 ”) senes. When log{Z — Sp) was plotted 
against log a on a graph diagram, linear relationships were found 
for each s^ of ions, as shown in Figure LXVII. The question 
raised under (ii) above is mentioned in rdation to the boiling 
points of the alkali halides (see Section 9A). Bom and Heisen- 
berg considered, the energy necessary for building up the vapom 
molecule from the free ions. This equals —V, where V, the 
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heat of formation of one gram-molecule of vapour from the free 
gas ions, is a function of the deformabilities of the ions. The 
value of —V is given by the sum of a number of terms, 
representing (a) the potential energy of the two ions (negative 
attractive term —e^jr and positive repulsive term be^/r^) ; 
(b) the energy of setting up dipoles in the ions {mx^fzax plus 
WjV2o 2, where nii, are the induced dipole moments, and 
tti, oj are the polarizabilities of the ions) ; (c) the attraction 
between the charges of the ions and the induced dipoles 



7I I I I I I I I I -I 

2 5 ro 20 ,s) m 200 500 mo 

(a.KW^) 

Fiovrb LXVII. — Rblationship bbtwmbn xuk Logarithm op 
Efpectivb Nuclkar Chak(iI£ of Ions of xiik samk typjc and tiiic 
Logarithm of Polari^sahiutv. Ions of tho s.inio tyi>o have tlio 
same number of oxtranuclcar oloctrons, as in tho soiios No 

(inert g<i8), b' and C) 


(negative terms ; (cl) the term representing 

the interaction of the dipoles (negative, equal to 
For the derivation of these terms, see the appendix to Chapter 
XIV, whore it is shown that the potential energy of a dipole is 
— w*/2o, so that the work done in setting up a dipole is tlie 
same quantity with sign reversed. Manipulation of tho sum- 
mation of these tonus then leads to an expres-sion for V in tenns 
of oi and oj and other constants, .so that V can be calculated. 
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The lattice energies of the alkali halides V had also been foxxiid* 
in connection with Born’s lattice theory. Now, according" 
the theory outlined in Vol. i . 13, the energy difference U - - 
should be equal to the sublimation heat S. The values <->1 
— F are compared with von Wartenberg’s experiment xil 
values for the vaporization heat values for Q (see Vol. i : 
Table XIX). The agreement is seen to be generally 
(Table XXXVIII). The widest divergences occur for tlu; 
csesium salts. 

Table XXXVIII.— DEJEUVATION OF HEATS OF SUBLIMATION l*'i« >*1 
POLARIZABILITIES. 

Bora and Heisenberg used von Waxtenbeig’s values of Q, the IicslIh <>£ 
volatilizatiorL and not his estiinates of S, the heats of sublimation 
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V 

V 

u-v 

S{Q) 


U 

V 

u-v 

5 «?) 


1 

Q 

u-v 

5 «?) 


U 

V 

u v\ 

.s* m 


222 

i6i 

61 

566 

KF 

191 

140 

31 

41 9 

RbF 

g 

M 

4 X 

40 0 

CsF 

T 70 

ZS9 

r 

4 « , 



182 

139 

43 

44 3 

KCl 

164 

124 

40 

40*5 

RbCl 


n 

37 

37*8 

CsCl 

X46 

115 




172 

133 

39 

386 

KBr 

156 

120 

36 

38 3 

RbBr 

149 

115 

34 

370 

CsBi 

Z 39 

IXC 

-fo , 


Nal 

158 

T2C 

33 

370 

KI 

145 

Its 

32 

37 3 

Rbl 

X40 

xzo 

30 

37*0 

Cbl 

131 

105 


I 


The above considerations apply to the inert gas-hko ions, for 
which the rule of additivity of molecular refraction lit>l<l8 
particularly weU ; in other cases, the Maxwell relation e r* 
breaks down, and the additivity rule also. In illustration, 
oxygen and ammonia gases may be compared. Thus, for 
oxygen at N.T.P., « — i = 0-000543, fc* — i api^roxi- 
mately = 0-00053, showing that the rule is applicable. I**or 
ammonia under the same conditions, e ~ i = 0-0084, wliil.st 
— I = 0-00074. The additivity rule for moltjoular 
refraction also breaks down for ammonia ; thus, J^nh# 

2 ?n = 2-16 and J?h = ^'02, so that Rnus according t<> the 
additivity rule should be -1- 32 ?h, or 2-16 + (3 x t-oij) 
5-22. Similar results are found in the case of the hytlr<>|L'«‘« 
halides,^ for which " apparent polarizabilities ” of the nei^at ive 
ions (o' and o") have been calculated (this vol. : 42A). Such 
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anomalous molecular refraction for ammonia, the hydrogen 
halides, and other cases requires special explanation, which is 
found by considering these molecules as possessing permanent 
electric moment. This line of argument provides the first link 
in the evidence for the existence of polar molecules. 

(B) Polarization and True Molecular Volume. It has 
been observed that molecular polarization P and polarizability 
a, in agreement with equation (9), have dimensions of volume. 
According to the earlier interpretation of polarizability, if a 
molecule is treated as a conductive sphere of radius r in a field 



Figure LXVIII. — Shift of a Bohr Circular Orbit under a Field at Right 
Angles to its Plane. 

whose intensity is F, then it assumes a moment m induced by 
the field given by 

m = r*P (15) 

Comparing (4) and (15), a = r®, so that the molecular polariza- 
tion P is measured by which is equal to the true volume 

of the molecules in one gram-molecule of substance, since W® 
is the volume of a sphere of radius r. 

A proof of the relation (15) in the particular case of the shift 
of a Bohr hydrogen circular orbit by a field acting at right 
angles to the plane of the orbit is usually given somewhat as 
follows. In Figure LXVIII, let the field F act in the direction 
AB, causing a shift in the position of the orbit through a 
distance s in the direction marked by the arrow, the nucleus 
remaining at B, and the electron circulating in the orbit whose 
centre is at A. The effect is to set up a dipole having charges 
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+ 6 , • ff at U anti A respectively, 
ni given by 


^th resultant dipole 


[xi 30B 
moment 


m =■= e.s --t a.F 


[ib) 

The circulating electron however.® never at A, but occupies 

may then be equated to the resolved part of the Coulomb field 
acting in tlio opposite direction betveen A and B. This is given 

•• the shift AB = s will be small 


Table 


XXXIX.— KKIATION 
VOLUMKS ANi) 


betiveen true molecular 

rOLAUlZABILITIES. 


Mi 

>lecule$ oj CU 

iss I 

Molecules of Class II I 

Moloculo 

6/4 
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4-1 
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57 
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22*0 
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I4’0 

<^•4 

ti,s 

7-9 
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26*0 





compared with the radius of the oibit AC, so that BC may be 
put equal to AC with sufficient approximation, whence 


which gives 

F.AC* a» C.S (ly) 

O^pari^ (16) and (17), a = AC*, the cube of the radius of the 
orbit. Hence, putting AC = r, equation (15) foUows at once. 

Assuming then that molecular polarization should be a 
impure of true molecular volume, it is possible to compare P 
Wm estimates of the volumes of molecules in a gram-molecule 
of substance (calculated from 6/4, "wtiere b is the second constant 
in yan der Waals' gas equation). It is then found 
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that in certain cases the agreement lies within the experimental 
error, whilst in others there is complete disagreement, as shown 
in Table XXXIX. 

The figures of Table XXXIX provide a second argument in 
favour of the existence of two kinds of molecule. It is sug- 
ge.sted in Debye’s theory that the molecules of Class II are 
characterized by permanent electric moment. Amm onia again 
falls into the group showing abnormality. 


(C) Polarization and Temperature. According to the 
theory outlined in Section 29 above, molecular polarization 
should be independent of temperature change. In Chapter X, 
various results are recorded in complete disagreement with this 
view. In cases where discrepancies occur, however, it is found 
that, in general, a relation of the type of equation (8) of Chapter 


X accounts for the facts very well. 

Dcbyc®’^* introduced the theory of molecules possessing per- 
manent electric moment as an explanation of this dif&culty and 
of those noticed above. Certain molecules, such as NHj and 
HjO, have an irregular distribution of positive and negative 
charges in such a way that the centres of gravity of the opposite 
charges do not coincide, this being an intrinsic property of such 
molecules and independent of external fields. The sep^tion 
between the positive and negative centres is the "dipole 
distance " i, so that the intrinsic moment n is equal to the 
product of the electronic charge with d. Debye conaders the 
effect of an external field upon a gaseous system conta ini ng such 
polar molecules. The tendency will be for &e molecul^ to 
orientate themselves along the field direction, but this is 
resisted by their thermal agitation which is more pronounced at 
high temperatures. When the field is produced betwe^ 
condenser plates, only those molecules which are suffia^tly 
near to the electrodes will be completely orientated (Fi^e 
I XIX) ■ considerations apply to the field m the neign- 

bourhood of a gas ion. Treating the molecules ss rigid syst^ 
of charges, by a statistical argument, it is 
dipole moment equal to is ^ up ^ 

as* in the magnetic case (equation (9) of Vol. i . 27A). The 
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molecules are not, however, generally rigid, and thus the 
polarization term associated with a must be added to the term 
connected with pennanent electric moment. This yields the 
following expression for molecular polarization ; 


P = 


6 — I’M 
€ 2 d 


^wN{a 

3 



(18) 


where k is Boltzmann’s constant (1-37 X io~^* erg per degree per 
molecule). This relationship is of the form of equation (8), 



Figure LXIX. — Orientation of Polar Molecules in an Electric Fidd. 


corresponding to decreasing “ orientation polarization ” with 

^ X r 

iuCTeasing temperature. Equation (18) represents 

linear with the absolute temperature T. According to Gans and 
Isnardi,^®’^* this only holds in the limiting case of high tem- 
perature and low density. A more complicated expression is 
developed by a statistical argument for ordinary conditions, 
according to which 


where 




T Vi — yd 
Vd 


(19) 

(30) 


where A, B and y are molecular constants, and curves are given 
lowing the relation between f(T) and t. According to this 
extension of the Debye theory, lie function (« — i)r/(e -1- 2 )d 
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is linear with T/Vd, or, more accurately, with TVi — ydjVd. 
The constant A involves Af in the denominator, so that M 
disappears from the second term of (19). 

Experimental data on the variation of molecular polarization 
with temperature has been provided by numerous workers 
already mentioned, Abegg and Seitz, Jona, Zahn, Gans and 
Isnardi, Sanger, Stuart and others (Chapter X). The general 
nature of the results is shown in Figures LX to LXIV. The 
Debye theory of the dependence of dielectric constant on tem- 
perature was questioned by Lyon and Wolfram” and by 
Bergholm.” These criticisms were answered by Lertes^® in 
the light of the work of Debye, Gans and Isnardi, and Bom.®® 
The results upon which the remarks were based were shown to 
be in good qualitative agreement with the dipole theory and 
with the conclusions drawn by Gans and Bom. van Yleck®* 
has given a proof of Debye’s equation (18) on the basis of the 
new quantum mechanics. The Debye lieory thus rests upon a 
secure experimental and theoretical foimdation. 

It may be noted that gases near their points of liquefaction 
apparently deviate to some extent from the requirements of the 
Debye theory. It is found, for example, that deviations occur 
for ethyl ether m the critical state.** Zahn** reported departures 
in the case of acdic add vapour at low temperatures and high 
presstues. It is found necessary to consider the influence of 
molecular vibration on the dipole moment, and Debye’s theory 
can only be regarded as satisfactory if vibration is taken into 
account and the vapour is considered as a mixture of molecules 
statistically distributed among the vibrational states, van 
Vleck worked on the assumption that the moment is the same 
for all states of low energy. 

It is observed in the preceding discussion that three 
independent lines of reasoning support the division of molecules 
into two classes, according as they possess dipole moment or 
not. In each of these cases, abnoim^y high polarizatioixs may 
be associated with orientation polarization coimected with 
intrinsic and permanent electric moment, the increase in P being 
accounted for by the added term in equation (18). Ammonia, 
for example, shows abnormality in all of these three ways, and 
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nnist be definitely assigned to the polar Class II. The enhanced 
polarization increases P and therefore increases c; hence 
departures from the Maxwell relation e = are found, which 
in turn affect the additivity of molecular refraction. The same 
cause evidently increases P above the value associated with the 
true volume of the molecules derived from van der Waals' 
equation, and by affecting the degi’ee of orientation accounts for 
the variation of P with temperature. A list of some polar 
(Class II) and non-polar (Class I) molecules is given in Table 
XL. 


Tablb XL.— polar and NON-POLAR MOLECULES 



Molecules of Class I 
(Non-polar) 

Molecules of Class 11 
(Polar) 

PJtysiad 

CharacUristux 

(i) Tnie volmne of molecules approxi- 
mately equal to molecular polarua- 
tion. 

(z) Molecular polarization greater than 
true volume of molecules. 

(a) Molecular polarization and molecu- 
lar refraction additive 

(a) Molecular polanzation and molecu- 
lar refraction i^ow departures from 
additivity 

( 3 ) Molecular polarization mdependent 
of temperatore 

( 3 ) Molecular polarization decreases 
vith mcreasing temperature. 

Examples 

A, H;, N„ CH 4 , Ca,, C,H„ CtH 4 , CJH, 

HQ, HBr, HI, CO, CO„ H*0, H,S, SO*, 
N*0, NH,, PH., AsH., CH.a, 
CHC1„CH, C,H„C.HbOH,C.HC,0,CH. 


31. The Parts of Molecular Polarization 

Molecular polarization is an additive function* for molecules 
of Class II, as appears from equation (i8), where the first term 
on the right hand side corresponds to lack of rigidity in the 
molecule, whereby deformation with induced moment occurs in 
the pres^ice of an external field, and the second to orientation 
^larizaHon, connected with permanent molecular electric 
moment. When the deformation part of polarization is con- 

"additive" is here used m a different 
flonae troni mat in liie preceding paragraph. 
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sidered, it is also seen, to be composite, consisting of two parts 
which may be termed ” electron ” and “ atom ” polarization 
respectively. Electron polarization may be associated with 
the shifting of electrons relatively to each other under an external 
field, .so that the centres of gravity of positive and negative 
charges no longer coincide. This is the deformation process to 
which Fajans has directed special attention. Atom polarization 
■P A m^y be regarded as an effect due to the shifting of atoms, ions 
or radicals within molecules under the influence of a field, thereby- 
setting up an element of molecular asymmetry associated -with 
induced electric moment. To these factors must be added the 
orientation polarization Pq taken up under an external field, 
the molecular polarization P being the siun of three terms as 
follows : 

P = Pb + + Po (21) 

Ebert*^ and Errera®*’®* have considered methods by which it is 
possible to separate P into its individual constitutive parts, and 
has sho-wn that these parts depend differently upon the structure 
of the molecule in question. For example, the orientation 
polarization is practically constant in the series of normal 
aliphatic alcohols (this vol. : 38D). Pq corresponds to the 
second term of equation (18) : the other term may be equated 
to Pj 5 + Px. So long as molecular refraction R is obtained 
from r* calculated by extrapolation of r’s in the visible region, 
we may set P = P^ ; when measurements in the infra-red are 
included, then P = P^ -1- Px. In this latter case, a different 
value of r» is obtained from that derived from dispersion in the 
optical region of the spectrum. It now becomes necessary to 
examine the parts of equation (zi) somewhat more closely, 

(A) Electron Polarization. The most ready picture of 
polarization seems to be that in terms of waves of definite 
frequency, by which vibrations are set up in electrons, atoms or 
groups corresponding to the frequency of the radiation causiag 
the effect. Electrons are light compared to atoms and 
molecular groups, so that relatively high-frequency vibrations 
will influ ence them. A free atom or ion may be perfectly 
impolarized in the absence of a field, yet it has an inherent 
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polaxizabiKty expressed by the constant a already considered* 
Electron polarization is noticeable in the visible and ultra- 
violet regions, and is most easily studied for these vibrational 
frequencies, which do not influence atoms or orient dipoles. 

in general may be associated with P, the molecular 
refraction, known to be an additive property for atoms in 
organic homologous series. Electron polarization occurs in two 
connections, the effects concerned being not essentially different 
in nature : 

(a) Under the influence of another ion, an ion may become 
deformed (Fajans* deformation process) ; 

(b) Under the influence of a light wave, electrons may be set 
into natural periodic vibrations corresponding to the frequency 
of the light. Electron polarization is independent of tem- 
perature change. 

(B) Atom Polarization. Atoms and radicals within 
molecules have natural vibrations dependent on temperature. 
Waves of lower frequencies than those of light, such as long 
infra-red waves, may set atoms, ions or groups within molecules 
in vibration, which becomes superimposed on the thermal vibra- 
tion. Atom polarization is affected by temperature, but is rather 
less well understood than other types of polarization. Smyth®^ 
has deduced P^ values from the variation of dielectric constants 
of gases with temperature. The difference between molecular 
polarizations and molecular refractivities of ietyllium 
acetate and acefylaoetonate^ is attributed to atom polarization. 
Sugden*® has derived for a large number of substances, 
and has shown that for organic molecules the values are always 
smafl, about o-i of P^, Jenkins®® has conveniently sum- 
marized methods of deternaming atom polarization. It is 
probable that atom polarizations never exceed about 7 c.c. 

(Q) Orientation Polarization. When waves of a few 
dentimetres’ length strike a dipole, it tends to turn so that its 
totion of the field; this tendency is 
resisted by the translational and rotational movements of the 
molecule appropriate to the temperature of its surroundings, 
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The effect is to set the dipoles in vibration about an average 
mean position, so that the axes lie at some definite angle to the 
field direction. At very high temperatures, the effect of thermal 
movement is great, and hence the orientation polarization is 
correspondingly small. 

The influence of wave frequency in causing the different kinds 
of polarization mentioned may be summarized as follows : 


Frequency of the Waves 


Visible 1 

1 Zcio Frequency Electnc Infra-Red Light Ultra-Violet X-rays I 

S F 

f 

T I 


A E J 



T L 1 



I D 

>‘Po Increasmg Period 

C S 

1 


Increasing Freq[uency 

> ... 


Increasmg Helaxion Time 


Pe 


This representation of the facts shows the following three 
things : 

(i) In the scale of frequencies, vibrations in the visible and 
ultra-violet regions will only cause electron polarization 
such vibrations do not cause atom polarization and cannot 
orient dipoles. This provides the case = Po = 0 in 
equation (21), or P = Pjj. 

(ii) In the infr a-red region, atom polarization P^ enters in, 
and electron polarization Pe is also set up, so that the total 
effect corresponds to the sum Pe + Pa- The frequency is too 
great to orientate dipoles, corresponding to the case Po = 0, 

and P = Pc -f Pa- . „ 

(iii) In the electric region, the orientation polanzatioii eft^t 
represented by Po commences, so that molecular polarization 
here contains all of the three parts in accordance with (21). 
Thus, for static fields, where the effect is the same as would be 
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obtained by extrapolation to zero frequency (infinite wave- 
length), this equation is applicable. 

It be noted that overlapping of the parts occurs in the 
region of longer waves, and not at the other extreme. Thus 
electric waves give rise to electron polarization in addition to 
the other effects, although visible waves (of shorter period) 
cannot orientate dipoles. The natural frequency corresponding 
to is less than for and Pq, so that the time of one 
vibration, or “ period,” is least for P^ and greatest for Pq. 
Waves act as if capable of affecting that for which the natural 
period is less, and the natural frequency greater than their own. 
The relatively longer waves of the electric region have longer 
periods ; thus a greater time elapses before the wave impinging 
on a molecule changes its phase. A dipole whose natural 
vibration, compared with that of an electron, is slow, can swing 
an appreciable distance from its mean position under the 
influence of a long electric wave before the wave changes its 
phase and sends it back again ; a wave in the visible region 
changes its phase so quickly that it has no effect in causing 
orientation in molecular dipoles. Electron polarization is 
effective from the electric to the ultra-violet, because the natureil 
periods of electrons are less than those of the waves throughout 
the region. As the periods of the waves are still further 
decreased, however, a state is reached in which the waves have 
shorter lengths and periods than those of electrons ; so that 
X-iays cannot polarize at all, since they change phase too quickly 
even for dectrons. Thus the facts are explained, and all three 
kinds of polarization enter into the case where the longer waves 
are employed. 

The phenomenon of anomalous dispersion of dielectric con- 
stants at dectric radio frequendes, associated with power loss 
by he a,t m g the medium, has been explained by Debye as a 
" idaxmn" effect, whereby dipole orientation is not instan- 
taneous, but requires a time interval commensurable with the 
' tim^ taken by the dectric wave to perform one vibration (see 
tins yoL : zyAc). The relaxion time r of a molecular sphere of 
xadiiu r carrying a dipole varies with the viscosity of the 
nifidmm, and is given, within the limits of applicability of 
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Stokes’ I.aw, by r 4ittrir^lkT, where k is Boltzmann’s constant, 
and T is the absolute temperature. Relaxion times of the 
order of sec. occur. Debye®^ has recorded values of r for 
o-dichloroheiizeftc, rntrohenzene and chloroform in hewxme and 
other non-polar solvents. The results are confirmed to some 
extent by the fact that the molecular radii r come out, in 
accordance with expectation, to be of the order of an Angstrom 
unit. h'uitluT examination of the results, however, shows that, 
for the same .substance in different solvents, the r values may be 
different, and the relaxion times are not strictly proportional to 
the visco.sities of the media. Hence Debye concludes that the 
picture of a molecular sphere is too simple for perfect agreement 
between theory and experiment to be obtained. Goldammer 
and Sack®* have examined the applicability of Debye’s 
cxprc.ssion for relaxion time in the case of isohttyl alcohol in 
paraffin oil. Kitchin and Miiller®* attempted to apply orienta- 
tion polarization in explanation of anomalous absorption for 
field.s whose frequencies were as low as 6o cycles per second : 
Hamburger** pointed out that this extension did not appear to 
be justifiable. Moyer*® has emphasized the importance of 
" inner molecular potential,” and finds that dipole rotation is 
prevented if this exceeds o-i of kT. The explanation of 
anomalous ab8ori)tion for polar molecules in terms of orientation 
polarization constitutes one of the outstanding achievements of 
the Debye theory. 
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CHAPTER XII 


MOLECULAR REFRACTION 
32. The Rule of Additivity 

Teas refractioD. of visible light is associated with induced atomic 
or moleculax polaiization which is mdependent of temperature. 
Electron polarization Pg enters in, and dipoles are unaffected 
Molecular refraction R is defined by the Loren:&-Lorentz 
expression 

„ f* — I 4 . 

R = •*— ; 5 -wlV« ... ... (l) 

r* + 2 3 ' ' 

where r is the index of refraction extrapolated to infinitely long 
waves Sometimes, however, other values of R, such as those 
for the NarD or H-a hues, may be convemently used without 
serious error 

Crystals of the Orthorhombic, Monochmc and Tnchnic 
systems are said to be btaxtal, and except in certain directions 
have three mdices of refraction a, p and y , m these cases, r for 
equation (r) may be tahen as VajSy The Tetragonal and 
Hexagonal ^tems are umaiaal, and have two mdices a>, c , 
here r = V’w** Cubic crystals have one refractive mdex only 
m aU directions 

Other depressions of the form R = XM/d have been sug- 
gested by Newton (X = r* — i), Gladstone and Dale’- {X — 
r — i), Eykman’ (X = (r* — i)/(f -f- o 4 )), and Lichtenecker^ 
(X = logf) The Lorenz-Lorentz relation, havmg thcoietical 
basis, is generally preferable 

The earher work on molecular refraction as an additive and 
constitutive property was earned out mainly by Bruhl,* 
Landolt and Jahn*, and Eisenlohr * The last-named gave a 
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table of atomic lebactions and dispersions (1910), and aftei- 
wards (1912) extended the results to mtiogen compounds, which 
weie shown to be pecuhaily sensitive to changes in structuie 
A summary of the early work up to 1912 was provided by 
Eisenlohr ® Moie recently, Eisenlohi • has studied the mniftm iflr 
“ refraction coefficient ” M fj,®" as a constitutive property 
Tins work has been earned out mainly with reference to organic 
molecules 

The mterest of the more recent work on molecular lefraction 
attaches to cases where departures from stnet additivity are 
observed Tliese have been related by Fajans to the uffiuence 
of electromc deformation of outer shells of atoms and 10ns undei 
the mfluence of neighbourmg 10ns, and particularly to the 
influence of cations upon anions The idea of such defonnation 
appeals to have been fiist suggested by Habei,’ m the models of 
tlie HCl molecule and of the Na atom In the case of HQ, 
Haber pictured a repulsion between the resultant charge of +7 
(earned by the chlonne nucleus and two K and eight L 
elections) and the +1 earned by the hydrogen nucleus, 
involving a displacement of the nuclei relative to the outer 
electromc system of the molecule Similaily, an ^attraction 
would exist between the outer electron of the sodium atom 
canymg charge — z and the inner system carrying resultant 
charge +9 It is noteworthy, however, that some tune 
earher Eossel,® at the end of his lengthy treatise on the electro- 
static basis of atomic and moleculai structure, unphed though 
did not state the existence of deformation m the models pro- 
posed for HQ, CaO and BN Haber considered the energy of 
umon of a halogen ion to a hydrogen ion foimmg a hydrogen 
hahde, and found it to be about zoo Calones greater than would 
be expected on the basis of rigid ions, and suggested that a shift » 
of the nucleus of the halogen ion relative to its outer sheath 
might account for the result, the work done on combination 
being hberated as energy of deformation Reis' apphed Bom's 
theory of lattice energy to the sohd hydrogen hahdes and 
studied the deforming working of the hydrogen ion on the 
halogen anions Bom^' considered deformation in rdation to 
the results on residual rays, elasticity constants and piezo- 
r a8i 
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electiic constants Masenheuner^^ rdated the colour of salts 
to deformation thus Pbl j is yeUow, though Pb ' ^ and I” aic 
both colourless Weigert^* studied the influence of defoimalion 
on optical and photochemical properties, and suggested that 
eveiy diemical process may be regarded as a consequence of a 
pnmaty polaiization or displacement of an dcctron , whether 
the dectron concerned returned to its parent particle or 
remamed free was regarded as a secondary process not aflectmg 
the imtial stage Debye^* considered dectnc moment as a 
consequence of polanzahon, and treated molecular reh action as 
a measure of polanzabihty, on hnes already explained Photo- 
chemical mvestigations on silver salts have been conducted by 
Frankenburgei,^* and by Fajans and collaborators^*'^* m 
relation to the deformation theory In addition, Bom and 
Heisenberg” have treated deformation quantitatively m the 
way previoudy outhned Many of these mvestigations wiU 
leceive further consideration m the present chapter 
It IS suggested in the theory of refraction that the lefractivity 
of a molecule may be an additive function, such that 

R = + UtR) -|- (z) 

where Rj, R„ R^ , «!, a^, a, , aie the individual 
refractions and numbers of atoms (or ions) constituting the 
molecule respectively The law was tested by HeydweiUer,” 
who found it to be reasonably accurate for salts in dilute 
solution, and especially where deformation is absent Wasast- 
]ema calculated the refractivities of ions of mert gas type from 
the data on the assumption that the refractivity of the hydrogen 
ion was zero If the hydrogen ion consists of a single proton, 
it may well be considered as undeformable Fajans and Joos,^® 
however, threw some doubt on the validity of this assumption, 
adducing evidence of the existence of the hydrated ion HjO'*' in 
aqueous solution, and preferred to fix the refractivity of the 
free gas ion Na+ as o 50, and thus to calculate values of other 
inert gaa-hke 10ns (see this v 61 34A) The results obtained by 

the two methods are shown m Table XXXVI Spangenberg^* 
determined the densities and refractivities of gtlcflli hahde 
crystals with accuracy, and ^owed that the additive law was 
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not applicable to these substances m the sohd state From the 
results of Fajans and Joos, and of Bragg,**’ who studied the 
effect of atonuc anangement upon refractive mdex, it seems to 
be dear that the values to be assigned to a^, a^, of (2) 

vary with the degree of dispersion and the environment of 
mdividual 10ns Fajans and Joos suppose the law to be stnctly 
apphcable to free gaseous 10ns 

Havelock”- has given formulae for the refractivities of a 
number of polyatomic molecules in terms of those of the 
constituents, making allowance for their mteraction on each 
other Bom and Heisenberg” assumed that the valency 
election of the alkali metals Li, Na, K was able to polaiize the 
rest of the atom according to equation (4) of Chapter XI, and 
found that this results m an additional force of attraction of 
car~*, where c is a constant for the metalhc atom The con- 
stants for the Rydberg-Ritz formula of senes spectra for Li***, 
Na** , K'*' were then obtamed m terms of a, so that evaluation 
of the polanzabihties of these 10ns became possible by com- 
paiison with the computed spectial values of the constants 
The results aie shown m Table XXXVII, where comparison is 
aHoided with the corresponding numbers calculated fiom 
Wasastjema's table of refractivities by means of equation (i) 

Polaiization by deformation provides two different cases, 
diagrammatically suggested m Figure LXX In case (a), the 
deformation is " one-sided," and the effect is similar to that of 
placing the molecule or ion between the plates of a condenser, 
as m (b), an mduced dipole, having electnc moment, bemg set 
up In this way. the permanent moment of the gaseous HCl 
molecule, foi instance, may be explamed as associated with the 
deformation of Q~ by the hydrogen ion on one side The 
indication of band spectra is that the pioton is embedded m the 
electronic system of the halogen In the second case (c), the 
deforming effect is “many-sided," and is such as may be 
expected to occur, for example, m an alkah halide crystal, where 
an ion is symmeMcally surrounded by six neighbours Here 
there is no separation of the positive and negative charges, and 
although deformation occurs, there is no dipole set up, smce the 
effect on one side is balanced by the effect on the opposite side, 
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Figmc LXX(c), due to Fajans,*® must be regarded as purely 
illustrative and diagrammatic 

Figure LXXI(a) ^ows two oppositely-charged ions of about 
equal size held together by dectrostatic force (ideal polar 



Fiaxnoi LXX — One-sided and Many-sided Deformation Folaiuation 


linkage) In (b) , the ideal homopolar case is depicted, m which 
the centres of gravity of positive and negative charges comade 
Case (c) represents a case mtennediate between (a) and (b). 


©o o 

(a)Polan Type {h>Homopolan Type 



Fukjkb LXXI — P(dar and Honumolar links Stabiluong and 
Loosening Efiects 


where a relativdy small cation, having rdatively large surface 
density of charge, is able to deform a larger amon, setting up an 
induced dipole The dectrons on the outside of the anion have 
dnmmdied freedom the system is said to be " stabilized," 
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and the elections are less rofluenced by an incident ligTit wave 
than would be expected on grounds of additivity The 
molecular refraction is therefore lowered Case (d) illustrates 
the influence of a small anion on a relatively lai]ge cation the 
outer electronic sheath of the cation is displaced in such a way 
that the centre of negative charge of the cation is dnven away 
from the anion, with consequently dimmiidLed att ra cti on anH 
greater electronic freedom Hence the light wave lias increased 
influence on the group, as compared with expectation on 
additivity grounds the sj^em is said to be " loosened,” and 
the molecular refraction is raised According to Fajans,****® 
the smaller ions with higher charges have greater deforming 
power, whilst the larger and less highly-charged ions axe more 
easily deformed Ions not of meet gas type are generally more 
strongly deforming than ions of mert gas type of the same size 
and charge (see foUowmg Section 33C) 

The ^xhydrate double sulphate of ammontum and caloum 
follows the additive rule of molecular refraction of the crai- 
stituent sulphates The linear additive rule holds for mixed 
crystals m varying proportions of mc^nesum sulphate and astnc 
sulphate," and of s%lver bromule and stlvo' todtde," but not of 
thaUvum bromtde and Hudhum tod*de Deviations m the last- 
named case may be associated with strong deformation of 
iodine 10ns For compounds of similar type, where deformation 
is absent, molecular refractions of mixed crystals vary linearly 
with composition 

An investigation on mixed salts m solution may be noted •• 
In where no compounds are formed, as with NaQ-KQ 

and NaNOj-KNOg mixtures, deviations from additivity rules 
may he associated with lomc deformation , compound formation 
18 indicated by the appearance of maxima on the refractivity- 
composiiion curves, as m mixtures of MgClj-KQ (i i), 
MgClyNH4a(i i) and CdQrKa (i i,i aandi 3) The 
numbers m brackets refer to the composition of compounds and 
the appeaiance of m axim a 

The refi active index of mckd arsemde may be calculated from 
a formula mvolvmg its reflective power m air and m cedarwood 
oil, togethei with the refractive mdex of the oil •* 
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Patahydrogen has the same refractive mdex foi the green 
mercury hue as ordinary hydrogen 

33 Influence Factors on Deformation 

The several factors influencing degree of deformation judged 
by departures from the additivity rule operate, m general, 
coUechvdy , m what follows, an attempt is made to disentangle 
these factors, by considering the influence of one where the 
others change as httle as possible 

(A) Influence of Nuclear Charge Referring to Table 
XXXVI, it IS observed that refractivity decreases for ions of the 
same type of outer structure as the nuclear charge mcreases 
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Aa> iJie midear charge Z increases, the outer sheath of dectrons 
IS more firmly held, and the deformation and refractivity 
decieasc Similar considerations apply to the other horizontal 
senes of Table XXXVI Figure LXXIl, due to Fajans and 
based on his estimates, shows this result quite dearly Thus 
the deformabihty of Mg++ is less than that of Na"*", the deform- 
ing power of Mg++ towards negative ions is correspondingly 
gieatcr than that of Na***, and sunilarly m other cases 

(B) Influence of Atomic Size The vertical columns of 
Table XXXVI diow that deformabihty and refractivity increase 
with mcreasmg size (see also Figure LXXII) This accords 
with the views already expressed on the relation between 
polanzabihty and molecular volume Thus for the halogen 
ions 



F- 

a- 

Br- 

I- 

R 

2 20 

845 

II 84 

1847 

f 

I 36 

I 81 

I 95 

2 16 


The radu of the ions are Pauling’s estimates, tsJeen from Vol i 
Table XXIX Thus deformabihty mcreases with increasing 
radius, and deforming power decreases Negative ions are m 
general more deformable than positive ions The ion F“, 
however, being the least deformable, is most deforming, so that 
when associated with a more defonnable cation, as Cs"*", Rb"*" or 
K ' the loosemng effect previously noted occurs, with an mcrease 
of m nlftriilar refraction This is illustrated by Figure LXXIII, 
duo to Fajans” The curves, which are further explamed 
bdow, are based on estimates of Rocy»td -Kteegmion, 
show the loosening effect with mcrease of molecular refrantion 
only m the cases of KF, RbF and CsF The same is observed 

with CaF„SrFj,BaF, but not with MgF, , , 

RimiTar consid^atious hold for compounds of AX4 type, tor 
which results (for infimte wave-length) are given on page 288 *• 
The HiFfArftnoft AR decreases from CQ* to SnCl* with mcreasmg 
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AX* 

ca* 

SiQi 

Sna* 

Snl 3 i| 

bnl* 


647 

7 05 

865 

11 93 

17 53 

fix- 

8 73 

873 

873 

12 13 

18 12 

Ar 

2 26 

I 68 

0 08 

0 20 

059 


Size of A from C to Sn, and AR mcieases from SnCl* to Snl^ 
with mcreasmg size (mcreasiDg deformability) of X from Cl' to 



I The derivation of the estimates of Rx— is considered m the 

f ^ number of orgamc compounds 
did not vary very much, b, being the molecular 
volume calculated from the cnhcal constants by means of the 
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relation — Ti'TJSPo, where R' is the gas constant Cuth- 
bertson's empmcal lektion,** whereby the refractions from F, 
to I a and from Ne to Xe nse approxunatdy m the ratio 
X 6 9 14, may also be noted 

(C) Influence of Electron Sheath. Ions not of mert gas 
type are more strongly deforming, other thmgs being equal, 
than 10ns of mert gas type (see Vol i 17C) Pauling*® 
associates this with the greater electrostatic field withm an 
outer shdl of x8 as compared with that of 8 dectrons The 
increased fidd is m accordance with the wave-mechamcal view 
of atomic structure 

Mention is made (Vol i lyC) of the behaviour, noticed by 
Fajans,*® of silver hahdes, as compared with sodium hahdes, 
where the cations are of approximatdy equal size, m reqiect of 
lattice distances and molecular volumes Referring to Tables 
VI, VlII and IX, the lattice distance differences <f(NaX)-if(AgX) 
are (X = F) 4 62 — 4 93 = -0 30 , (Cl) 5 63 - 5 54 = 

0 09 , (Br) 5 96 — 5 76 = 0 30 , (Nal-Aal^) 6 46 — 4 58 = 

1 88 , (Nal-Agla) 6 46 — 6 47 = —0 01 A U The effect of 
increasing deformation is to draw the 10ns together, diTnimaTiitig 
lattice distance, thus the above differences mcrease firom 
X = F (least deformable amon) to X Br AgIjS has the 
wuitzite (B4) lattice, and Agla the sphalerite (B3) lattice, the 
change from cubic lattices of AgBr and NaBr being marked by 
correspondmg change m the sequence of differences In 
Agla, the form stable above about X45°C , the effect of change 
of crystal structure is apparently compensated for by the 
increasing deforming power of Ag'*' as compared with Na*** 

Snmlar considerations hold m respect of lattice energies,** 
defined as the enetgy set free when one gram-molecule of crystal 
IS built up from free gas 10ns The following agam affords 
comparison between sodium and silver hahdes {/(NaX) — 
? 7 (AgX) (X = F) 3x9 — 320 = —X , (Q) x8i — 200 »= —19, 
(Br) x68 — 193 = —35 , (Nal — Agifi) 156 — 188 = —33 
kdogram. calones The lattice energy of a mystal, calculated 
by Bom's method, may be considered as the sum of three 
terms (i) a positive teim, associated with work done by 

289 



THE SlNl! STBUCTUBH OF MATTES fxil 33C 

tmlike charges m coming together, (2) a negative teim, 
associated •with work done by the repulsions of outer electiomc 
sheaths of 10ns , (3) a positive term, coirespondmg to work 
done m deformation Terms (i) and (2) are probably not very 
different for sodium and silver halides, the progressively 
mcreasing differences from X = F to X =< I may therefore be 
associated •with relatively greater deforming power of Ag*^ as 
compared with Na*** with mcreasmg defoimabihty of •ibe amon 
Fajans*^ has summarized more recent developments of the 
theory of deformation, and has pomted out that no means at 
present is known of estimating the refractions of free gas 10ns 
which are not of mert gas type It is possible, however, to draw 
certam conclusions •without kno^wing these values, m the follow- 
mg •way (calculations for Na-D Ime) We may compare two 
hahdes MX, MX' of the same metal M m respect of deviations 
m the sohd state from exact additivity fulfilled for the free gas 
ions Thus — C^mx' — 

{R}i+ + •Rx'“)(ni] — •Kkx — -^MX' — (■^x'” — where 

IS elunmated jErom the expression ITie following 
affords comparison between silver halides m this way 


MX 


MX' 

Smx ' 


X- 


X^ 


1 

1 


A«Bc 

1677 

Aga 

1330 

3 a 7 


la 66 

Or- 

907 


—0 aa 

AH 

as 77 

AgBr 

1677 

700 

I— 

19 az 

Br— 

la 66 

■i 

ho 


The differences in the deviations from additivity requirements 
become more positive between iodide and bromide than between 
bromide and chlon^e for Ag salts, and sipiilar results hold for 
hahdes of other metals whose ions [e g , Hg'^+, Sn++) lack the 
mert gas structure Exactly the opposite is true for hahdes of 
me t al s whose ions are of mert gas t3q)e, the above-named 
d iffer ences becoming mcreasingly negative (see Table XLII) 
Another way of demonstrating the peculiar behaviour of ions 
not of inert gas type m respect of departures of additivity m a 
senes of hahdes is to subtract the contribution of the halogen 
ion free gas m each case from the equivalent refraction of the 
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compound The following numbers refer to infinite wave- 
length, the refractions havmg been calculated from dispeision 
formula of the SeUmeier type, for gaseous hahdes of umvalent 
K,** Agw and Tl,®'“ and bivalent Hg*® and Sn *® The 
differences dMX are of the type R^x — (^x-)gi« 


X— 

R 

z-gen 

R 

XkZ 

*AgX 

®nx 


♦•^SdO, 

JKX 

1 

AAs\ JlIX JilQlU, JiSnll, 


a 

8^3 

20 33 

la 9 

188 

n 

13 84 

183 

n 




Br 

la 13 

23 37 

16 I 

aaa 

14 63 

2661 

13 | 1 

IB 




Z 

18 xa 

28 7B 

aa j 


ao ^ 

(83 33 )* 

066 1 

B 





* KleaBumnent on Na D Imo on aooouni of dispernon 


It IS observed that the calculated differences for KX fall m the 
senes from X — Cl to I , the same is tnic of the senes SnXg 
(see table at end of 33A above) and of all senes where the metal 
ion IS of mert gas type Certain inegulanties appeal in the 
four following progressions ^AgX, JUX, jlHgClj and d |SuGg, 
wheie the metal 10ns are not of this type The diHeicnccs 
remain fairly constant in a senes, and show no rcgulai dcaease 
The last column of the table®® shows an increase per eqmvalent 
m passing from quadnvalent to bivalent Sn, with departme 
from inert gas type 

P) Effect of Number of Anions According to consideia- 
tions advanced m Section 32, the stabilising effect accompanying 
amoiuc deformation is followed by a progressive lowenng of 
molecular refraction (compared with the demands of tlie 
additivity rule) as the deformation mcrcases In the following 
table, due to Fajans,®® the contnbutions made by the halogen 
Cl or Br per atom are compared foi molecules of the Type 
AXa (As shown on page 292 ) 

The inaease m the number of anions is accompanied by a 
progressive dimmution m the contnbution of each to the 
molecular refraction, and the values approach those foi the 
given atom m the homopolar halogen molecule, shown on the 
nght-hand side Increasing deformation occurs from left to 
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ua. 

Ba, 

ca* 


Eq 

74 

697 

6 6z 


Naa 

Aia, 

SiQg 

Ea 

80 

7 68 

7 oz 


LiBr 

BBr, 

CBr4 

872 

Rbt 

10 3 

9 97 

947 


NaBr 

AlBr, 

SiBfg 

Rbc 

IZ z 

zo 9 

zo 2 


light, With development of homopolar characteristics The 
halogen atoms become more and more closely associated with 
the positive atoms, and the polar opposition between the ions 
of opposite sign becomes weakened In this way, the transition 
between the polar and homopolar linkages may be followed 
The appearance of the molecule as n mcreases m AX^ is 
associated with this neutralization of polarity and progressive 
" covenng-up ” of the central atom A Fajans also notes that 
the contnbutions of the chlonne atom m HQ and CQ* to the 
mdecular refractions are approximately equal, being 6*67 and 
6 61 respectively 

(£) Effect of Crystal Structure The effect of deforma- 
tion on crystal structure has been previously considered (Vol i 
xyC and this vol 250) Reference may be made to these 
discussions, m summary of which it may be said that inmeasing 
deformation favours the following transitions lomc to 
molecular , lomc to diamond, diamond to molecular , diamond 
to layer, fluorspar to layer, la3mr to molecular lattices. 
Examples, taken from Section 25C, are given above the arrows 
m the following scheme, the arrow directions showing those of 
mcreasing deformation 
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Deformation is thus linked with the development of molecular, 
or homopolar character The diamond and layer lattices may 
be regarded from this pomt of view as mtermediate stages m 
the change It is to be noted that in these cases it is the anion 
which undergoes progressively increasmg deformation, the 
stabilising process previoudy noted bemg thus accompamed by 
loss of polarity 

Fagans** has considered the effect on molecular refraction m 
the transitions RbCl to CsCl and BeO to MgO, quotmg the 
following figures 


Substance 


CsO 

BeO 

MgO 

Ciystal Type 

NaQ 

Caa 

ZnS-a 

NaQ 

Designation 

Bi 

B2 

B 4 

Bi 

Free gu lonf 

12 84 

15 60 

71 

73 

•^Crystal 

12 55 

15 22 

3 28 

4 53 

Diminution 

HB 

—0 38 

-38 

-28 

No nearest 
neighbours of 
negative ion 

6 

8 

4 

6 


An mcreasing dimmution of molecular refraction m passing from 
RbCl to CsCl occurs, as derived by subtracting the values found 
for the crystals (calculated from their indices of refraction) from 
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those for the free gas ions (obtained from measurements m 
solution and extrapolation to infimte dilution) It is dear that 
an increase m degree of co-ordmation from 6 to 8 for the 
rtilnmift ion IS accompanied by a greater departure from the 
additivity rule, as based upon the values assigned to the free 
gas inns This occurs in spite of the mcreased lattice distance 
m pajwing from RbCl to CsCl (3 29 to 3 56 A U ), which would 
be expected to operate m the opposite direction were it not for 
the change m structure In the transition from BeO to MgO, 
however, an mcrease m co-ordmahon from 4 to 6 is accom- 
panied by a reduced lowering of molecular refraction as judged 
by the same standards 

Hund^ has shown by a mathematical argument that wheie 
the crystal 10ns have small polanzabihties, lomc co-ordmahon 
lattices tend to be formed , greater polanzabihty is associated 
with the appearance of layer or molecular lattices van Arkd" 
has considered the polarization energies of crystals of KaCl, 
ZnS and CsQ. types, and has shown that their relative 
magmtudes depend upon the radius ratios of the 10ns concerned 
Thus, for a radius ratio fu/fx less than o 7, the polarization 
energies of ZnS, NaQ and ^C 1 types decrease m the order 
named, whereas, for radius ratios greater than this Inmting 
value, the order is reversed This when considered m the light 
of Goldschmidt’s work on the influence of radius ratio on crystal 
structure (see Table XXXI and accompanymg text) is used to 
ezplam why some crystals withm the correct hmite of radius 
ratio for a given t^pe according to the theory do not always 
crystallize according to that type Goldschmidt himself 
emphasized the influence of polan^tion as a factor in the 
detennmation of crystal structure The allowance to be made 
for polarization Adds m crystals as calculated by Immard- 
Jones has been already mentioned m Vol i 33 The value of 
Bom’s rqmlsion exponent n (equation (2) of Vol i 19) for 
crystals of different types is also important m the present 
connection 
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34 Applications of Refractivity Data 

Exa m i nation, of the literature shows considerable divergence 
m some cases between the values calculated by drSerent 
investigators for the polanzabihties of ions, and t hese are not 
known m general with great accuracy Moreover, it appears 
that the relation w = aP (equation (4) of Chapter XI) is 
mapphcable to very strong fields such as obtain between an 
atomic core and a valency electron No very great importance, 
however, need be attached to the absolute values of polanza- 
bihties from the present pomt of view, smce the orders of 
magmtude (relativdy large or small) and the directions 
(mcreasing 01 decreasing) of the changes of molecular refraction 
m passmg from one member to another m a secies of related 
compounds may stiU be followed with respect to corresponding 
changes of molecular structure 

(A) The Alkali Halides and Hydrides According to the 
results of Spangenberg,^* additivity of molecular refraction m 
teims of constituent 10ns is lost for the alkali halides m the sohd 
state Fajans and Joosi* considered that stnct additivity 
should be observed both for the free gas 10ns and for lomc 
lefrachons m aqueous solution extrapolated to infinite dilution 
Three quantities are therefore considered 

(i) the additive refraction of free gas ions , 

(a) the additive refraction of 10ns at infinite dilution m 
aqueous solution , 

(3) the non-additive refraction of the sohd salts 

It then appears that (i) is unequal to (2) where highly deforming 
10ns of sTna.11 radius are present, because these ions deform the 
outer sheaths of water molecules, with consequent change m the 
refraction of the solvent Where the small defonning ion is a 
cation, as Li ^ and Na'*', a smaller value is obtained for (2) than 
for (i) , where it is an amon, (a) is greater than (i) , 'vrtiere both 
kmds of ions are present, as m LiF and NaF, the result will 
depend on whether the effect of the cation outweighs that of 
the amon or uoti These consideratioiis are m accordance with 
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the Views expressed m Section 33 above For othei univalent 
10ns, K *■, Rb+, Cs’*', Q“, Bi* , I“, the difteience between (1) and 
(2) IS foimd to be very small 

In order to fonn estimates of deparimes from additivity of 
10ns m the sohd state, it is necessary first to estimate the 
refiraction contnbutions of the free gas 10ns This matter is 
considered m Section 30A Fajans®’ used the Cuthbertsons' 
data on refractions of mert gases, the measurements of Heyd- 
weiUer on solutions, and those of Spangenberg on sohds It was 
assumed that for the gaseous state 

Ro~~ > 

■®F~ ■^Na+ •^Mg++ 

and the upper and lower limits foi J2N»+giu weic thus fixed at 
0 72 and 0 39 , the mtermediate value 0 48 c c has been chosen 
Similar reasonmg gave corresponding values for Li •" and F“ of 
0 20 and 2 44 c c respectively From HeydweiUei’s measure- 
ments, it was deduced that RNa'<Kdn mfinite dilution was 
0 20 , the argument, however, does not rule out greatei values 
than this, and Fajans has also used 0 35, the values conespond- 
mg to this second number being onutted here Further details 
of the denvation of these numbers wdl be found m Fajans’ 
memoir ^ 


TABia XLI —REFRACTIONS OF UNIVALENT INERT GAS TYPE IONS 
(Fajans) (Na-D, o c ) 



Li+ Na+ OH— 

K+ R 1 >+ Ct+ 

a— Br— 1“ 

JSgu 

oao 048 a44 41 ^ 

—0 33 0 so 3 60 3 10 

3 36 3 ^ 634 

9 07 13 66 19 31 

^iobi — *gif 

— 0 33 — 0 a8 +0 16 +0 34 

iwyimaU 

vnysnudl 


The difference values of Table XLI give the effect of the 10ns 
on the molecular refraction of water The influence of I4 ^ is 
greater than that of Na'*', smee Li'^ is amallftr and more 
deforming , F~ and OH~ have mcreasing positive differences, 
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coiresponding to lepulsion of the outer sheaths of water 
molecules due to the negative charges, thereby increasing the 
lefraction of the solvent The other ions have very gmgn^ 
generally negligible, effects 

Fajans holds that the above estunates are in satisfactory 
agreement with comparable results of other authors In 
particular, Pauhng,*® using studding constants, deduced the 
following Rp, values K+ 2 il, Na'* 0 46, Q" 8 86 

Proceeding upon the assumption of additivity for 2?,^ and 
J^wio 3 ’^ infinite dilution, it is possible to calculate values for 
halide salts For LiF, R^ = — 0 33 + 2 60 =» 2 27 , R^= 
0 20 -f 2 44 = 2 64, and so on m other cases The numbers 
given m Table XLII are based upon Fajans and Joos’ earher 
estimates, and therefore may be dightly different from those 
deduced from Table XLI, but the orders of magmtude and 
(hrechons of change are practically imaffected 

Newman" has recently measured R^^ NaCl for infinite 
dilution (Na-D, ), and obtains g 05 c c (compare 9 20 from 
Table XLII) In o^er cases, especially with Rb+ and Cs+ 
salts, some of the numbers obtamed usmg the constants of 
Table XLI show discrqiancies with numbers m Table XLII 
Thus Wulff and Heigl*“ obtam the following Rajit—^tu 
values KCl —0 47, RbQ —0 29, CsQ —0-40 , NaF 0 02, 
KF 0 43, RbF 0 47, CsF 0 48 

In solution, the refractions of 10ns are different from their 
values m the gaseous phase m cases where deformation of watei 
molecules occurs no mteraction between 10ns of opposite sign 
will noimally take place In LiF, the devating effect of Li ^ 
IS greater than the dimimahing effect of F~ upon water, and 
there occurs a net decrease m molecular refraction from 2 70 
to 2 38, that IS, of 0 32 (Table XLI gives —0 53 (Li) + 0 16 
(F“) = — 0 37 ) With NaF, the catiomc and amomc effects 
about neutralize each other, and so jRg„ = JS^in The 
influence of F" acting alone is seen m E^, RbF and CsF 
Similarly, m LiCl, LiBr and Lil, the effect is due to Li'*' only, 
and there is a constant difference — Rpu ^ 

Similar considerations hold for NaG, NaBr and Nal, where the 
difference is 0 30 due to Na+ In all other cases, Rg„ ^ R**, 
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Tablb XLn — molecular REFRACIIONS OF TIIK ALKALI 
HALIDES (Nd-D, cc, zo^C) 

Six ntuabers are given m each poitition of Uic table Iho in si UircOi from 
the top downwaida, aio Rgag, Rsolin s<*ioii(l tluw nio llu* 

diffeiences -Rcryil *“ n'spet lively. 

Rajat» ^ exponmcntal value dodmocl fiom moasunuucnls of indues of 
refzn^on of solid salts Tlie values of agteemc^nl with tbo valuoH 

of Heydweillei e'ctrapolatod to infinilo dilution 



Kluonde 

Chlondo 

Jironiide 

Todido 


R 

D 

R 

a 

R 

D 

R 

D; 


a 70 

—0 32 

9 20 

—0 62 

12 87 

0 (iZ 

10 (4 

0 64 

Lithium 

2 38 

— 0 04 

8 58 

-000 

12 25 

— X 09 

18 82 

2 84 




7 W 

— 1 6i 

10 36 


13 «)« 

3 1(» 


3 00 

0 00 

9 50 

—0 30 

13T7 

0 30 

71 

0 lO 

Sodium 



0 20 

-068 

12^87 

1 V 

19 44 

^ ^7 


3 02 

+0 02 

8 52 

—0 08 

1 1 *56 

1 Ot 

1707 

2 67 


4 73 

+0 30 

II 23 

0*00 

(4 ()o 

0 00 

it 17 

0 00 

Potassium 

5 03 

+0 13 

XI 23 

—0 38 

14 90 

0 02 

21 47 

f 7 -* 


516 

+043 

10 83 

—0 38 

13 g8 

—0 02 

1075 

X 72 


608 

+030 

12 58 

0 00 

x6 23 

0 00 

a 8j 

0 CK> 

Rubidium 

638 

Ho 36 

12 58 

—0 03 

XG 23 

• 047 

22 82 

1 II 


674 

+0 66 

w *55 

— 0*03 

1378 

-047 

21 71 

I IT 




1524 

0 00 

x 8 » 9 I 


ai 48 

0 no 

CttBium 



13*24 

+001 

x 8 * 9 X 


3348 

I 2 X 


b. 

+077 

13*23 

+0 01 

18 40 

-0*43 

3437 

‘ I 21 
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in accordance with the postulated negligibly small influence ol 
all ions of the senes excepting Li Na"^ and F” 

In the sohd state^ additivity is lost and interaction between 
the ions many-sided deformation) takes placCj and the 
dillereuces J?cryBt — Rgyt may be taken as a measure of this 
effect In LiF, the effect of the smaller Li *" upon is greatei 
than the reverse effect, so there is a net lowering of refraction 



PiouKB LXXIV— Plot op Koryitai — nfioeguiom lOR Alxali Hajlidtss 

(Pajoxia) 

from 270 to 2 34 = — 0*36 Pioceeding m the senes NaF to 
CsF, the negative mfluence (loosening, givmg mcreased con- 
tribution to refraction) of becomes mcreasmgly noticeable 
as the sizes and deformabihlies of the cations mcrease For 
other hahdes than fluondes, from hthium to caesmm salts, the 
effects are stabilizing on anions, and the differences decrease 
fiom Ia"*" (smallest, most deforming) to Cs*^ Certain abnoi- 
maJities appeal with CsCl, CsBr and Csl, which may be 
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associated mth the different structural arrangement (see 33E 
above) of these crystals (body-centred cubic) Thus there is an 

increasing difference — -Rg** m passing fiom Rbl to 
Csl, and the salts run closer to the rubidium salts than 

would be expected from the sequence in the senes of chlondes 
and bromides Reference may be made to Figures LXXIII 
and LXXIV, which show the refractions of the sohd salts and 
the differences Rctjrt — •Kgm as estimated by Fajans The 
refraction, as weU as the refraction diffeience, is greatest m the 
case of III, where the most easily deformed amon is associated 
with the most deforming cation 
The figures for the sohd salts have found certain quantitative 
significance Bom and Heisenberg^’' ^owed that the energy 
of a dipole mduced m one ion by another vanes mvasely as the 
fourth power of the distance between the two lomc centies, a 
proof of which is given m the appendix to Chapter XIV 
Fajans proposed the following empuical lelation^ps 

= . . (3) 

who-e dRjg IS the dumnution m refraction due to deformation of 
an anion, kx is constant for a given amon, d is the senu-lattice 
distance, C is a constant for all amons and Rx the refraction due 
to the gas amon 
Further, if 

dR == Rnjit ~ Rgit — dRji d2?x (4) 

where is the elevation of refraction due to deformation of 
cation by amon, the appropriate signs for ARn, dRx bemg 
observed The relation (3) may now be tested for LiQ, LiBr, 
Lil and Nal, on the assumption that dRg( »= 0 m these cases, 
so that JRx=Rei^ -R,,,, as found from Table XLII 
Then, for example, for LiBr, C = R*d«/j!^ = -2 31 x (274)*/ 
(12 67)* = —0 81, whilst for Nal, C = —a 67 x (3 23 )V (^9 * 4 )* 
= —0 78, the corresponding values for LiQ and Lil being 
— o 86 and -0 78 re^edavdy This constancy of C withm 
the probable error mdicates the validity of equation (3) to these 
cases Assuming this, it is possible to proceed a httle farther, 
and apply the values of Aq-, and kx- found to other hahdes 
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where cannot be neglected, the value of hg- being obtained 
from C R^_ = (2 5)*C, where C = o 82 (mean value) Using 
these k values, values of may be estimated m other cases, 
and thus AR^ may be deduced usmg equation (4) It is found 
that ARyi mcreases for a given cation with decreasmg lattice 
distance, and with different cations according to their deforma- 
bihties, m accordance with expectation 
Errera*''" measured the dielectnc constants of sohd alkali 
hahdes, and so calculated the total molecular polarization P by 
the Clausius-Mosotti formula This P = Pb + Pr, where Pe 
denotes the part due to electrons (equal to the molecular 
refraction R obtamed from Spangenbeig’s measurements extia- 
polated to infinite wave-length, and inserted mto the Lorenz- 
Lorentz eiqircssion), and Pj (obtained from Pi = P — Pg) the 
part due to ions The quantify Q, defined by (e — r *)/(« “ i)* 
measures the proportion of total pdanzation due to 10ns The 
calculation shows that Q and Pi/P are greatest for LiF and 
least for Rbl m the senes of hahdes from Li *■ to Rb+ Thus 
the lomc polarization is greater the greater the ladu and the 
deformabihties of the 10ns concerned 
Wasastjema*' has considered atomic and lomc lefractions m 
relation to the electron distnbutions by wave mechames, and 
finds that foi an ion of mert gas type Pj is nearly proportional 
to the fourth power of the mean distance of the outer ring of 
electrons from the nucleus 

Ammomum hahdes have been studied from the standpomt of 
deviations from additivity of molecular refractions The values 

~ (•®NH4+ "i" ■Rx“)g4i (X “ P) "t" O 38, 
(Q) — 0 78, (Br) — 1 18, (I) — I 30 The value of Rjoij+gu 
IS estimated as 4 30 c c The departures from additivity follow 
the same roles as m the case of alkali hahdes In l^^F, a 
inoton of NH*"* is displaced towards the F" ion (" contra- 
polanzation "), but the displacement is insuffiaent to produce 
a moleculai lattice (see 34l>c) No disfdacemeat occurs foi the 
otliei hahdes As with Cs salts, an intensification of the 
lefraction eftect is observed on passmg to a lattice of higher 
co-oidmatton number (NHJF to NH4Q) 

The refractions of NaH and KH have been measured for the 
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Na-D line,®^ the results bemg in fairly dose agreement with 
estimates made by Herzfeld and Wolf,*® as follows Rsm 
484 (obs) 440 (calc), jRkh 7 3 ^ (o^s) 753 (calc) The 
contnbution made by H” is 4 84 ~ 0 4 ® = 4 3® m NaH and 
7 36 — 2 26 = 5 10 m EH (using refractions of gas 10ns from 
Table XLI) As an amon, H“ thus exhibits consideiable 
deformation, and falls between F“ and Cl“ m this respect 

(B) Gompoonds containing Polyvalent Inert Gas Type 
Ions Bivalent 10ns, other things being equal, may be eiipected 
to be more effiaent deformeis of water molecoles than umvalent 
10ns, and tervalent than bivalent 10ns Some results are m 
Table XLIII, the values bemg obtamed by the approxi- 
mation method previously described for umvalent 10ns ^ 


Tablb XLni— BEFKACTIONS of bivalent and TEltVALENT 
INERT GAS IONS (Na-D) 




Ca++ 

Sit-+ 

Ba-I I- 

A1I-H + 

La+++ 

i2gai 

0 26 

140 

2 58 

4 73 

0 17 

3 3 

■®ioIn 

—I 80 

0 71 

I 8g 

A 37 

-241 

M 


—a 16 

— 0 69 

—0 69 

—0 36 

—a 38 

-X 9 


The absolute values of the differences decrease from Mg**"^ to 
Ba"*"*", and from Al'*'++ to La++^ , show decrease with mcreasmg 
size of cation, m accordance with theory Comparison between 
this and Table XLI shows the more highly-charged ions to be 
more effiaent defoimers this is further mdicated m Figure 
LXXII Values for JZgj, for negative bivalent 10ns aie 
O'" 6 95 i S"“ 22 7, Se-" 28 8, Te — 40 9 
The values of JJ2 = — R^^ m the senes from BeO 

to BaO are found to be BeO —3 2, MgO —2 8, CaO —0 9, 
SrO —0 2, BaO -j-i 3 In BaO, the ^ect of 0 “ “ upon Ba 
IS greater than the reverse effect The lowerings of R for 
oxides, sulphides, sdemdes and tellundes of bivalent metals 
are {dotted m Figure LXXV, as given by Fajans,** m 1928, 
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Wulff and Heigl** find the following AR values MgF, 
—0 44, CaF a +o o6, SrF a +o 52, BaF a +0 80 , CaQa “3 4. 
SrCl, —1*64, BaQa —i 06 The positive effect of F~, as well 
as the influence of change m crystal structure between MgF, 
(C4 type) to CaF, (Ci type) with increasing degree of 
co-ordination, is well maiked Wulff and King” give for the 



Na-U hnc the following values of AR PbQ, — i 0, PbBr, 
— 0*30, Si(NO,)a —I 0, Ba(NOa)a -fO'oS, Pb(N 03 )a —0 68, 
CaSO* -0 74, SrSO, -0 8, BaSO* -0 4,.PbS04 -2 4 Sr 
shows stronger redaction effect than Ba'*"*', CaSO, has Afferent 
crystal structuie from SrSO,, the co-ordination number of 
Ca"' being 4, and of Sr'^+ 7 In the isomoiphous senes of 
bivalent mtrates, the radius of the Pb'*"'' ion is about equal 
to that of Sr ' ■• , but Pb"* has the larger number of electrons, 
and IS not of mert gas type, so that its deforming power is 
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correspondingly increased. Similar views are expressed by 
Errera and Brasseur.®* The AlXg halides®®’ ®® show AR 
increasing in absolute amount from X — Cl (-3-79) to Br 
( —5 -15) with increasing deformability of X. When X = I, the 
value is anomalous (—4 •29), which may be due to the action 
of homopolar forces. ITie alums®’ have also been discussed. 

(C) Organic Compounds. The contribution of CHj to 
molecular refraction in normal paraffins is strictly additive and 
equal to 4*60 ; the paraffins have zero dipole moment, and 
show a slight increase of polarization with temperature.®* The 
refractive indices of ethyl esters of normal fatty acids and of 
higher oMphatic alcohols (Cs to Cm) have been determined at 15°, 
20° and 25°C.®® The contribution of F in orgamc compounds 
has been computed as i-og for the Na-D hne, from measure- 
ments on benzyl fluoride. *® Schiemann®^ has obtained the lower 
value 0'997 from measurements on 30 aromatic compounds. 

Puschia and Matavulj®* have examined the departures from 
additivity of liquid naixtures containing acetic acid and various 
am%nes, and have found evidence of compound formation. 
Further work®* indicated a decrease in degree of association of 
phenols and amines on solution in benzene. The refractive 
indices of liquid mixtures oi pyridine zxiA phenols^ indicate the 
formation of compounds of the same composition as in the solid 
state. 

Widmer®® has found the following molecular refractions of 
alkali metal X hydrogen pkthalates : X = Na 40-92, K 43-04, 
Rb 44-53, Cs 47-82, Am 44-97. 

Some further contributions to the well-known constitutive 
influences on molecular refraction of compoimds may be noted. 
Leithe®® has shown that the atomic refraction contributions of 
halogens increase with the number of halogen atoms attached 
to a given carbon atom. The values for 1-2 substituted 
derivatives are different from those of 1-3. Errera*® examined 
the dielectric constants of cis- and trans-QHBx : CHBr. The 
liquid cis-compound, which is polar, showed a drop in e on 
solidification from 6-62 to 2-64, which is about the same as the 
value for tie liquid non-polar trans-compound (2-72). Stieger®’ 
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has evaluated the contribution of N to molecular refraction as 
2*323 for primary, 2*499 secondary, and 2*840 for tertiary 
amines, v. Auwers*® has further determined the refraction 
equivalents of carbimic and iminic N for the Na-D line, as 
follows: 0-N=C 3*901, H-N=C 3.05, N-N=C 3*46; 
C-N-C 4*10, N-CO-R 2*606, N-CO-OR 2*32. This author*® 
advocates the use of “ specific refraction ” (equal to RjM) in 
stud3dng the influence of conjugation and the presence of 
certain groups, as being independent of molecular sizes, and 
thus yielding comparable numbers, in opposition to the view 
of Hiickel®® v. Auwers®^ has recently discussed the specific 
refractions of a large number of derivatives of pyriiim, in 
coimection with the structural influences of different groups. 

It is found that the semi-polax bond in molecular structure 
exerts a depression of molecular refraction of from 0*2 to 0*5.®®’” 
The results appear unfavourable to the " donor-acceptor ” 
theory (see this vol. : 40) of the association of alcohols. Double 
molecules of ac^ic acid in benzene have the same molecular 
refraction as single molecules in dioxane?^ Work on these lines 
has been extended to solutions of chlorobenzene, bromohenzene, 
phenol, aniline, dvmethylamline, anisole and henzonitrile in 
benzene."”^ 

The relations between the refractive indices and the 
behaviour of cellulose fibres has been discussed by Preston.®* 

(D) Refraction of Complex Groups, (a) Groups containing 
Oxygen. The contribution of complex ions containing oxygen 
to molecular refraction is generally much greater than that 
assigned to the free gas ion 0 (7*0). When the total oxygen 

contribution is divided by the number of atoms, however, it is 
found that there is a lowering of refraction contribution per 
linkage. Some results are in Table XLIV. The figure in the 
R line gives the refraction to be attributed to the group, derived 
from measurements of indices of refraction (D line) of pure 
substances with any requisite allowance for tlie presence of other 
10ns or groups. For example, perowskite CaTiO j gives r = 2 *38, 
d = 4*0, whence R =20*7 by the refraction formula. Sub- 
tracting i?ca++ = 1*4 (Table XLIII), Rxio, — =20*7 — 1*4 -- 
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19*3, and similar ly in Other cases. The next line contains the 
correction made for the central atom A of the group. The 
differences are then divided by the number of oxygen atoms 
to give refraction per linkage. Finally, this number is sub- 
tracted from 0;^ = 7*0, to give the lowering of refraction per 
oxygen atom on account of deformation by the central 
positively-charged atom. Kossel’s view of the electrostatic 
constitution of the groups is provisionally adopted. The 
corresponding figures for certain oxides are inserted in the 
Table for comparison. 

In the series COj" SiOT~, TiOf, the charges on the central 
atoms are constant (-f 4) but the central atoms increase in size. 
This is accompanied by duninishing deformation of 0 ~“, and 
the lowering of refraction falls from 2 *92 to o*8. The same 
appKes to SOj CrO* the latter being the more polar of the 
two. Considering next the series SiOf“, PO4 , 30 ^“, CIO7, 
the charge on the central atom increases from -I-4 to -I-7, and 
the lowerings of refraction due to deformation of O” “ increase 
from 2*58 to 370, associated with the increase of charge. The 
lowering per 0 in CO j is approximately the same as in C 10 .r , 
indicating the same kind of linkage in the two cases. A similar 
comparisonmay be made between SO j and SO4 " . Deformation 
is linked with a loss of polarity in these cases, so that the 
linkages he between the polar and homopolar extremes. The 
figures in the bottom line of Table XLIV are thus a measure of 
departure from strictly polar constitution (in Kossel’s sense) of 
these groups. 

The four modifications of ammonium rntrat^’’ have been found 
to have the same refractive indices when reduced to conditions 
of equal density ; the angles calculated between the valency 
directions agree with the X-ray results. 

(b) Groups containing Hydrogen. As previously noticed, 
Wasastjerm assumed the refraction contribution of H+ to be 
zesx). Fajans and Joos,^* however, calculated = — 0*67, 
by subtracting the refractions of anions from those of acids in 
, solution. The molecular refraction of water (Na-D line, 20®C.) 
being 3*71, that of the ion OH fis given by 371 — 0*67 = 3‘04. 
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This value is included in Figure LXXVI, where the refractions 
of various groups are plotted against numbers of hydrogen 
atoms. The results show the progressive lowering of refraction 
accompanying the laying-on of successive hydrogen ions ; thus 
in the series 0 — , OH“, OHj (vapour), OH3+, the values are 
7, 5*1, 3*76, 3-04 respectively. A similar effect occurs between 



Figxtrb LXXVI. — ^Rbfiuctiok of Groups containing Hydrogbn. The 
molecular refractioiis are plotted against numbers of hydrogen atoms 
present in the molecule. 

NH, and NHJ, where the values are 5'6i and 4*13. The ions 
Rb'*', OH+ , , do not differ greatly in refraction values and 

resemble each other in other ways (see Vol. l : Table XXV). 
The refraction of CH* resembles that of Kr (see Vol. I : Table 
XXVII). The refraction values of HQ, HBr and HI in Figure 
LXXVI are taken from the measurements of Cuthbertson 
6*67, 9-I4 and i3'74 respectively, whence, subtracting the 
halogen ion values of Table XLI, the hydrogen makes negative 
TOntributmns of 2*40, 3*52 and 5*47 in the three cases : thus 
contributes a negative and variable refraction, depending 

308 




xn 34Db] APPLICATIONS OF KEFRACTXVITY DATA 

on the defonnability of the anion. If, however, the nuclear 
charge of the atom link ed to hydrogen in a series of inert gas-like 
groups of the same type is progressively decreased as the 
number of hydrogen atoms is increased, there is a continuous 
increase in molecular refraction (see Vol. i : Table XXVTI and 
Figure LXXVI) as ia the series Ne, FH, OHj, NHs, CH4. This 
is in accordance with Section 33A above. 

Following the curve from HF to CH* in Figure LXXVI, it is 
observed that increase of nuclear charge of the atom attached 
to hydrogen is accompanied by loss of polarity, HF being more 
polar than CH4, with HjO and NHj as intennediate stages. 
The effect of deformation is to bring the centres of positive and 
negative charges closer together, with consequent decrease of 
polar moment ; when the two centres coincide, the non-polar 
state is reached. Fajans®* has illustrated this with reference to 
the hydrogen halides. There eire two limiting perfectly ideal 
cases : (i) the completely polar, where rigid and undeformed 
unlike ions are present ; (2) the completely non-polar, where 
like atoms are associated in such a way that the centres of 
gravity of positive and negative electricity are coincident. The 
hydrogen halides then appear as intermediate between the 
extremes, having natural dipole moment, the dipole distances 
(calculated from the dipole moments divided by the electronic 
charge) being less than the intemuclear distances, as found from 
the moments of inertia deduced from band spectra. The follow- 
ing scheme, due to Clark, shows values of the dipole moments, 
dipole distances and intemuclear distances of the four hydrogen 
halides. The numbers in brackets are based on estimates. 


Halide 

Dipole Moment 

Debye Units 

Dipole Distance 
t 

Au. 

Intemuclear 

Distance 

Au. 

1 00^ 

HF 

(1-58) 

{0-331) 


(38-3) 

Ha 


0-222 

1-272 

17*5 

HBr 

0*80 


1-411 

11*9 

HI 

0*41 

o*o86 

(1-637) 

(5-3) 
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If the HCl molecule had been composed of rigid ions and 
Cl", the dipole distance would have been equal to the nuclear 
distance, and the ratio in the last column would have been loo. 
If the molecule had been completely homopolar, the dipole 
distance and the ratio would have been zero. The actual value 
of the ratio lies between lOO and o, and is 17 *5 ; the dipole 
distance lies between 1-272 and o, and is 0-222 A.U. Thus HCl 
behaves as if composed of 17*5% of polar, and 82-5% of 
homopolar molecules, and has properties which resemble both 
the polar and homopolar types. It is like a homopolar body in 
being difficult to condense, and forming a non-conducting 
liquid ; moreover, in the solid state, it gives a molecular lattice ; 
it dissociates imder the influence of light, and in concentrated 
aqueous solutions has considerable vapour pressure (roN 
solution has 4 mm. Hg pressure) . On the other hand, hydrogen 
chloride resembles a polar substance in aqueous solution in 
behaving as a strong electrol3^e, and, in dilute solutions, in 
giving very smaU partial pressures of HCl (o-iN solution has 
2 X 10"* mm. Hg). In HBr, the greater deformabihty of Br" 
as compared with Cl" leads to a further loss of polarity. Some 
further consideration of the influence of proton ad^tion on 
molecular refraction is in Section 35Ba below. 

The value of for HF has been estimated as x -000136.’* 
Using this and the extrapolated experimental values of Cuth- 
bertson™ for the other three halides, it is possible to compare 
the corresponding molecular refractions with the values 
calculated on the asstunption of additivity, the contributions 
being taken, from the study of organic compounds, as H i-xo, 
F 1-09, Cl 5-96, Br 8-86, I 13-90. The following values of 
— ^eiac» are then obtained: HF 2-03 — 2-19 «- 
— o-i 6 ,HC 16-49 — 7-06 = —0-57, HBr 8-87 — 9-96 =■ —1-09, 
HI 13*18 — 15*00 = —1-82, showing progressively increasing 
deviation with increasing deformability of the halogen atom.’* 
This calculation is based on the assumption that the linkages 
between hydrogen and halogen axe homopolar, as in organic 
compounds, and offers probably a more accurate picture of the 
structure of the gaseous hydrogen halide molecules than the 
purely electrostatic view (H+X~). MuIKken*® has used the 
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tenn “ united-atoms ” to describe these cases, whilst Clark®^ has 
included them in the more general group of ” di-atonas.” 

(c) ConirapolarizaMon. This term has been proposed to 
describe the polarization of the outer atoms of a complex ion by 
an anion or cation ; thus F“ may exert a deforming influence 
on the outer system of NH^" in NHiF.®® Goldschmidt®* has 
discussed compounds of the Type (AXj)Ba from this point of 
view. 


35. Refraction and Physical Properties. 

(A) Refraction and Solubility. Herzfeld and Fischer®* 
showed that, especially where salts of analogous composition 
are compared, a salt dissolves less easily the more negative is its 
heat of solution. Thus Nal and AgF have positive heats of 
solution, whilst that of Agl (sparingly soluble) is negative. 
Fajans®* pointed out that heat of solution is made up of several 
terms. When a solid lattice breaks up into ions, work equal to 
the lattice energy U must be performed ; in the subsequent 
process of solution and hydration of the ions, energy W is 
evolved, where W = Wu + Wx, the sum of the heats of 
hydration of the constituent ions. The size of TF is a measure 
of the " hydrophile ” tendency of the substance, which may still 
not be very soluble even when W is large unless U is relatively 
small. The following expression for heat of solution L is thus 
developed ;*• 

L =W — Uux = Wm + W'x — Vux (5) 

This equation is most readily applied to the comparison of a 
series of salts MX, MiX, where X = Cl, Br, NO, . . . etc. 
Fajans (1928)*® carried out the comparison for M = Ag, Mj = 
Na, where 

■f-AgX - ■f'NaX = (W^Ag — W^Na) — (C^AgX ” t'N«x)—(6) 

The difference — IFn* is small and constant in these 
comparisons, so the differences between heats of solution are 
approximately measured by the differences of lattice energies of 
AgX, NaX. Where is small, as when X = F, 

NOg, T-Agx is not very different from and similar 
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solubility may be expected. The greater the difference i7Agx ~ 
^Nax» the more negative is Z^x hi comparison to Znix* aJid 
the smaller the relative solubility of AgX. The values of 
lattice energy differences for different anions are estimated as 
follows : 


X 

F“ 

no; 

*so7 

ico; 

Cl 

Br 

r 

10"“ 

is"" 

m 


B 

10 5 

11 5 

179 

25 6 

31 4 

39 z 

45*4 

49 8 

-"I 


In Figure LXXVII, values of the logarithms of the solubilities 
of salts of the t 3 ^e named (solubilities in molecules per i.ooo gr. 
water) are plotted against the differences of lattice di.stances. 



Figure LXXVII — Comparison of Solubilities of CoRRitspoNuiNG 
Sodium and Silver Salts in Water. 

It is observed that the fluorides and nitrates are almost equally 
soluble, whilst the other salts show progressively increasing 
Terences in solubility between sodium and silver compounds 
in the order of increasing lattice energy differences, according to 
the above figures. 

The estimates of the differences CJ^gx - i7Nax are not the 
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same for the halides as those given in Section 33C above, but 
the order of sequence is the same, this being the essential point 
in relation to the influence of deformation. In the earlier 
section named, the effect of deformation upon lattice energy is 
discussed, and the question is farther illustrated by the curves 
of Figure LXXVII where the superior influence of Ag"*" as a 
deforming cation as compared with Na'*' is clearly seen. With 
increasing deformability of the negative ion, and roughly in the 
same order, the solubilities of the silver salts fall below those of 
the corresponding sodium salts. The solubilities of silver com- 
pounds decrease from fluoride to iodide, and from oxide to 
selenide. The low solubility of Agl (wiurtsite type) may be 
compared with those of diamond and grey tin, which axe homo- 
polar and non-conducting bodies. Yet Agl is a conductor in 
the solid state (see Vol. i : 21), and hence is not a completely 
homopolar substance. The solubilities of the sparingly soluble 
silver halides are given in Vol. i : Table XXXII. 

The deformation of ions appears as an indirect factor in 
determining solubility, but the influence is not completely 
understood. It is of interest to note that whilst AgQ and AgBr 
are very insoluble, HgCla and HgBra are only moderately so, 
and CuCla and CuBrg are very easily soluble. Passing from 
salts of Ag+ to those of Cu’*"'", it appears that the double charge 
in the latter case leads to an increase of heat of hydration 
which exceeds the rise in lattice energy, and so there is a rise 
in solubflity. Hg''‘+ salts tend to be little dissociated, and 
soluble in organic solvents. In these cases, it may be supposed 
that one-sided deformation occurs, with liberation of deforma- 
tion energy. 

The mfluence of the hydrophile tendency of ions upon 
solubility is discussed by Magnus,*® the effect being expressed 
in Fajans’ theory by the term W occurring in equation (5). 
Thus Li+ is small compared with other alkali metal ions, and 
may be expected to have considerable aflBmty for the water 
dipole. In LiF, the ions are very strongly bound in the crystal, 
so that, in spite of the effect mentioned, no very great solubility 
is to be expected for this compound. From LiF to Lil, and 
from liF to CsF, the lattice energies decrease, the hydrophile 
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tendencies also decrease as larger ions are substituted, and the 
solubilities tend to increase. The high solubility of AgF is 
associated with the highly hydrophile anion. Similar con- 
siderations apply to bivalent ions. Increasing insolubility is 
observed in the series CaS04->5rS04-»'BaS04. Here the 
doubly-charged ions give higher lattice energies and greater 
hydrophile tendencies than univalent ions. The lattice energies 
of the series will not be very different, so the cause of the 
decreasing solubility seems to lie in decreasing hydrophile 
tendency as the cations become larger. 

Fajans’ solubility rule may be expressed as follows : “ For 
alkali halides with the same anions or cations, the solubility 
att ains a minim um for equal heats of hydration of anions and 
cations, and increases wi& increasing difference in the heats of 
hydration.” Linhard and Stephen®* have studied the 
solubilities of 24 salts (alkali metal, silver and alkaline earth 
halides) in liquid ammonia, and find the rule to be obeyed. The 
influence of the dipole moment of the solvent is observed in the 
solubUity of inorganic salts being generally less in alcoltol 
than in water, alcohol having the lower dipole moment. 

(B) Refraction and Ionic Dissociation, (a) Acids and 
Bases. According to a rule proposed by Kossd,® hydroxides 
give weaker bases the smaller and more highly charged the 
cation becomes. Thus basicity decreases in the series : 


hydroxide 

Na(OH) 

Mg(OH), 

Al(OH), 

Si(OH)« 

I>0(0H), 

«C),(OH). 

CIO, (OH) 










Kossel’s sequence is interesting in relation to the deformation 
theory.*® In NaOH, the small H+ deforms the oxygen atom 
more than Na+, and hence it comes near to the oxygen, and 
the substance ionizes as a base. As the charge on the central 
atom increases, the deformation of the oxygen by the positive 
cation becomes greater, tending to draw the oxygen away 
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from H'*', and hence an increasing tendency to ionize as an 
acid is observed in the series. 

The strengths of acids and bases run parallel -with their heats 
of dissociation in solution, into which term the separate heats 
of hydration of the ions enter. In the case of adds, the same 
change H+ + HjO = HjO'' enters in, and their strengths will 
therefore be largely determined by the deformation of the 
anions. An interesting case is provided by HaSO^ in aqueous 
solution, investigated by Kohner, and discussed by Fajans, 
Kobner and Geffcken.®^ The curve between molecular 
refraction of the acid and its concentration gave a imnimum at 
about 40 molecular per cent., which was considered to cor- 
respond approximately to the formation of a compound 
HaSOaHaO or HS04“H80+ (strictly requiring 50 mol. %). 
The molecular refractions are as follows : infinite dilution 
(extrapolated), 13-60 ; at the minimum, 13-45 ; for the pure 
acid (extrapolation), 13-51. The curve thus shows a rather 
steeper fall to the minimum on the side of lower concentration. 
Now the refraction of SO'i" is 14-84 (Table XLIV), so the 
lowering of refiraction due to the stabilizing of the sulphate ion 
by 2H+ in the process SO"^" -f- zH^-HHaSOa is found to be 
14-84 — 13-51 = 1-33, or 0-67 per H'*’ laid on. This is equal 
to the estimated effect of the “ destabilizing ” process HaO'^-> 
HaO -f H"*", which should give a raising of refraction of 3-71 — 
3-04 = 0-67, so that the two processes might be expected to 
compensate. The minimum in the curve coimecting refraction 
and concentration finds explanation, however, in assuming that 
the lowering of refraction due to the la3dng-on of the first £[■*■ is 
greater than that due to the second H+. Assuming that in the 
three changes (1) SQ-^" -f- H+->-HSO;, (2) HaO+-»HaO -|- H+, 
(3) HSOi" -f H+->HaS04, the lowering of refraction associated 
with (1) outweighs the raising due to (2), which in turn exceeds 
the lowering due to (3), then the falling portion of the curve 
at lower concentrations may be associated with the pre- 
dominance of (i) over (2), and the subsequent rise to the 
greater influence of (2) as compared with (3). It will be 
interesting to observe whether measurements on other polybasic 
acids lead to similar conclusions. 
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It will be convenient to study the effect of proton addition to 
molecules and ions in lowering refraction and " stabilizing ” 
the groups. We may consider the process I + H'*' - II, 
and Rxt representing the refractions respectively before and 
after tte proton addition. The following scheme shows 
estimated values of these numbers, and also AR = Rj —■ R^. 
The values of Rj for 0 “ ~ and S” “ are as in Section 34B, derived 
from comparison with inert gases by Fajans’ method.®^ The 
values are consistent with IZNaiiu = 0*20. 



OHa 

NHs 

Cl- 

Br- 

I- 

OH- 

SH- 

0 - 

- S- - 


3 75 

5-63 

9*07 

I 2'66 

19‘21 

476 

13*28 

6-95 

22*7- 

II 

0H,+ NH 4 + 

HCl 

HBr 

HI 

OHj 

SHg 

OH- 

-SH- 


3 05 

4-31 

6-67 

9-14 

1374 

375 

9*57 

470 

13 28 

AR 

0*70 

1-32 

2-40 

3*52 

5*47 

I -ox 

3*71 

2‘19 

9*4 


It is observed that successive additions of protons to O to 
give OH”, OHj and OHs”^ give a decreasing sequence of dl?’s : 
2*19, 1*01, 070. The first proton added to S “ gives a 
diminution of 9-4, the second 371, in the same order. Fajans®’ 
studied the functions Qx = AR/Rj and Qu = ARfR^, and found 
that for OHj and NH, and the univalent negative ions 
exponential rations of the type Q = a{x ~ e®*), where a, b 
are constants, held good. A method of deriving from Rn 
was thus obtained, and it was found that the Ri's of 0 ‘ and 
S , deduced horn the RJ^’s of OH” and SH“ respectively, gave 
df?’s about half as great as those given in the above scheme. 
It was concluded that the stabilizing influence of a doubly- 
charged ion was about twice as great as that of a singly-charged 
ion of the same polarizability. 

An observation of Morelli®® to the effect that the molecular 
refraction of boric acid dissolved in glycerine decreased with 
increasii^ concentration, the values being greater than for 
aqueous solutions of the same concentration, may be noted. 
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(b) Salts. Figure LXXVIII, due to Fajans, Kohner and 
Geffcken,®’ shows the changes of molecular refraction of 
dissolved salts with changing concentration, and includes 
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measurements of Huttig, Keller and Kukenthal*® on LiBr, Lil 
and HQ. The curves are in all cases very approximately 
linear, referred to a zero limit for infinitely decreased con- 
centration, and are based upon measurements of indices of 
refraction at different dilutions, and calculation of the Lorenz- 
Lorentz function with allowance for the refraction of the water 
present (subtracted) . Examination of the figure shows that the 
salts fall roughly into three classes : (i) where the refraction in- 
creases with concentration (KF, NaQO^, Ba(Q04) j, (NH4)2S04); 
(2) where the refraction changes little with concentration 
(CsQ, Al2(S04)8) ; (3) where the refraction decreases with 
increasing concentration (RbQ, NaQ, NaBr, LiQ, AlQj, LiBr 
and Lil). Where the positive ion is polyvalent, the figures 
shown are obtained by dividing by the valency, in order to give 
comparable curves. 

Fajans interprets the results in favour of the theory that 
strong electrol^es are not completely dissociated at all con- 
centrations, an idea which has found considerable support in 
other directions. In order to explain the curves of Figure 
LXXVIII, it seems necessary to postulate that in the more 
concentrated solutions ions may be in immediate contact with- 
out intervening molecules of water, indicating the presence of 
undissociated molecules in such solutions, as Arrhenius supposed . 

The three classes of curve mentioned above axe found to 
afford very clear examples of the application of deformation 
principles. Assuming that the ions in solution can exert 
influence on water molecules in their neighbourhood, and, more 
especially as the concentration increases, on oppositely charged, 
ions in contact, four possible factors may operate, as shown in 
Table XLV, the observed effect depending on whichever of 
these factors predominates in a given case. 

The AR values of Fipre LXXVII and Table XLV are 
referred to refraction at infinite dilution as zero, and are thus 
calculated from - R^^oo). where (c) refers to con- 
centration c, the vsdues of R^^ being obtained by subtracting' 
the refraction due to the water present from those obtained 
from measuremen'ts on solutions. 

The influences (i) and (2) of Table XLV are evidently 
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increased with increasing concentration, which brings a larger 
number of ions of opposite kinds into contact, according to the 
theory. With regard to (3), in infinite dilution, a (highly- 
deforming) cation lowers the refraction of water, and, as the 
solutions become more concentrated, this effect is reduced, by 
a lowering in the number of free cations. There is therefore a 
positive effect on the refraction of the dissolved salt, the effect 


Table XLV. — INFLUENCE FACTORS ON REFRACTION OF SALTS IN 
AQUEOUS SOLUTION. 


Ref 

No 

Influence 

Effect 

^■Rdiss’d salt 

Effect on id -R of increasing 
concentration 

(r) 

Cations upon Amons 

Stabilizing of Amons 

Negative 

Increasing negative 

(2) 

Anions upon Cations 

Loosening of Cations 

Positive 

Increasing positive 

(3) 

Cations upon Waloi 

X owenng of Refraction 
of Water 

Positive 

Inci easing positive 

(* 1 ) 

Anions upon Water 

Raising of Refraction 
of Water 

Negative 

Increasing negative 


becoming more marked with increasing concentration, as stated 
in Tabic XLV. (It may be remembered that the values of 
are obtained by subtracting the normal refraction of 
water from tlie corresponding values of > so that, accord- 
ing to the argument, the correction made for water is relatively 
too great in infinitely dilute solution as compared with the 
correction for concentration c, hence the values of — 
00) 3^0 po.sitive, and become increasingly so 
as c increases. In (4), the effect is exactly opposite to that 
oi ( 3 )-) 

In comparing the refractions of ions, since the deforming 
force is exerted upon single electrons, the values for equal 
numbers of outer electrons must be used. Thus, if Ra =9*0 
(8 electrons), then Rao~ - 13 *32 (32 electrons) must be ^vided 
by 4 to obtain jPfao7’'=3'34 (8 electrons), and similarly 
i?so - - = } X 14-84 = 3-71. In this way, the following 
numbers are derived for refractions of ions concerned: F“, 
2 ’ 5 ; CIO*-, 3-34; SO4 ••,3-7i, C 1 -, 9'0; Br", 12-67, I", 
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19-24 ; Li+, 0-2 ; Na+, 0-5 ; K+, 2-23 ; NH4+, 4-13 ; Ba++, 
4-28 : whilst that for water is 3-71. Referring to Figure 
LXXVII and Table XLV, the rising curve of KF is accounted 
for by Fajans as due to influence (2), the highly-defonning 
anion F“ operating upon the cation K"*", with a raising of 
refraction. (It is not dear, however, that F" will not operate 
upon water, introducing influence (4), since the refraction of 
water given above is greater than that of K’*'.) The refractions 
of the cations are greater than those of the anions (for equal 
numbers of electrons), and also greater than the refraction of 
water in Ba(C104)s, NH4(S04)2, so that influence (2) operates. 
The curve for NaC104 cannot be attributed to this cause, and 
must be associated with influence (3), the small highly- 
deforming cations operating upon water molecules and lowering 
their refraction, and thus increaang the apparent refraction of 
the dissolved salts when plotted in the way explained, the 
refraction of water being greater than that of CIO*”. The 
effect for LiClO* is greater than that for NaClO* in accordance 
with antidpation, Li+ being smaller and more deforming than 
Na"''. The sulphate ions and water molecules are equally 
deformable, hence the influence factors (i) and (3) approxi- 
mately neutralize each other in LijSO* and Al2(S04) j, and the 
curves do not show any great variation with increasing con- 
centration. In the salts containing Cl" , Br ‘ and I", the anions 
are ihuch more deformable than water as measured by their 
refractions ; hence the main influence factor is (i), the effect 
increasing as the defoimabilities of the anions increase. Tlius, 
at a given concentration, the lowering of refraction due to Lil 
is greater than that due to LiBr, and still greater than that due 
to LiCl ; similar gradations are observed for NaBr and NaQ, 
and in the series LiCl, NaCl, RbCl and CsCl, where Ti"' is the 
most deforming of the four cations. 

The ordinates in Figure LXXVII are expressed in 10 * units 
of refraction, so that the changes are not very large. The 
result of the present discussion is to confirm the older view that 
undissodated molecules are present in solutions of strong 
electrolytes, though in a degree smaller than Arrhenius sup- 
ped 
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Attention has more recently been paid to temperature as well 
as concentration influences. Shibata and Holemann®® have 
studied the molecular refraction of aqueous solutions of NaBr, 
KCl, KI, NH4CI and BaCl2 at 25®, 35°, and 45°C. ; in each case, 
R falls with increasing concentration and rises with increasing 
temperature. In the case of NaClO^,*! R rises with rising T, and 
with increasing concentration, as previously observed. The 
same is true of NaaCOj,®* but CaClj, SrClj and BaClj decrease 
linearly with concentration, the curve for BaClg Isdng below 
that for CaClj and SrClj, which are coincident. GefEcken and 
Kruis,®* using precision methods, find that AR falls linearly 
with concentration for NH4NOS, whilst NaCl and KCl give 
maxima in about iN solution. The results are discussed in the 
light of the Debye-Huckel theory of strong electrolytes. 
Brodsky and collaborators*^ examined TlCl, TlNOa, KCl, KBr, 
KNOs and NaCl from o-ooi to O’iN, and also investigated the 
temperature effect. A much steeper fall of refractivity witli 
concentration than that found by GefEcken and Kruis was 
obtained for NaCl, KCl and NaNOj solutions, so that Fajans 
and GefEcken*® suspected some error in the measurements. 

Fajans, Hblemann and Shibita,*® in a summarizing paper, 
hold that the original conceptions of Fajans and Joos have been 
confirmed. Additivity of ion contributions to refractivity 
holds for infinite dilution, the dissolved ions making different 
contributions from the free gas ions, as previously suggested. 
The effect of ions on the solvent medium is confirmed, incresising 
concentration leading to an increasing proportion of 
undissociated molecules in the solutions. The results appear in 
general agreement with conclusions based on the o.smotic 
pressures of the solutions. 

The temperature coefficient of molecular refraction at infinite 
dilution for inorganic .salts may be obtained by use of the 
differentiated form of the Lorenz-Lorentz function : 

Ji? fir M Ar R Ad 
ir 2yTTr~‘l "ai 

The values for NaQ, KQ, NH4CI, NaBr, KBr, Kf, NaC104 and 
BaClj are found to be of the order 2-5 to 6>5 X 10 * cm.® per 
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degree, and are greater than for the free substances, whether as 
solid, liquid or gas. The result is attributed to decreasing 
solution effect (influence of ions upon the solvent) with 
increasing temperature. It is necessary, in order to explain the 
results, to assume a small solution effect for K"^ and Cl" and 
for other ions of the series, where the effect becomes still smaller 
(see Table XLI) . 

Taylor and Glover®^ have carried out studies in the refractive 
index of saturated aqueous solutions of KMn04. 

(C) Refraction and Absorption. Evidence of deformation 
of the anions of silver salts has been given (Section 33C above) 
on the basis of their lattice distances and energies as compared 
with those of corresponding sodium salts. This is further 
shown by the lack of additivity of lattice distances of the silver 
halides,^* and has been associated with the comparatively ^eat 
deforming power of a cation not of inert gas type. Meisen- 
heimer®® pointed out that salts containing ions of the inert gas 
type were usually found to be colourless, that the chlorides of 
metals and hydrochlorides of organic gases were often white, 
whilst the iodides and hydriodides were generally coloured. 
The cause of the appearance of colour was found in the larger 
atomic volume of iodine as compared with chlorine, so that a 
smaller attractive force existed between the nucleus of the 
atom and its outer sheath in the case of iodine. This sheath of 
electrons was regarded as relatively unstable, so much so that 
the feeble energy of visible light was suf6.cient to displace it, 
with the appearance of colour. Where chlorine does not build 
up an ion of inert gas structure, as in CljO, colour is observed. 

According to the Bohr theory of atomic structure, the energy 
differences of an outer electron between a level and the next 
higher (farther from the nucleus) decrease outwards from the 
lowest level. The larger differences between mner levels 
correspond to absorption in the ultra-violet ; the smaffer 
differences between levels in the more outer region to absorption 
in the visible region. According to Fajans (1928)*® deformation 
of anions by cations leads to a shifting of absorption from the 
ultra-violet into the visible region in the direction of longer 

322 



xn 35c] KErRACnON and PHYSICAIi pkoperties 

waves. Thus, although Pb‘''+ and I~ are colourless, Pblj is 
yellow on account of deformation : PbCla and PbBr j are colour- 
less on account of the smaller defonnabilities of Cl“ and Br~. 
A similar gradation is observed in the silver halides, where AgCl 
is colourless, AgBr pale yellow and Agl yellow. In the same 
way, development of colour in the direction of longer waves is 
observed in the nickel and copper halides : 


NiF, 

NiQ, 

NiBr, 

Nil, 

CuF, 

CuCl, 

CoBr, 

yellowish 

yellowish-brown 

dark brown 

black 

colourless 

yellowish-brown 

browni^-black 


According to Bohr, Ag"'", Hg++ and Cu"*" are symmetrical, 
having completed sheaths of 18 outer electrons, whilst Cu’*"*' 
contains an incomplete sheath and readily gains an electron, so 
that Cula is unstable and passes to Cul with liberation of 
iodine. Cu"’"'' is apparently colourless, since anhydrous CuSO^ 
has no colour. The familiar blue of copper salts containing 
water of crystallization and of the bivalent copper ion in aqueous 
solution may therefore be attributed to deformation of water 
molecules smxounding Cu’^'*".®® Similarly, the deep blue of 
copper salts with co-ordinated ammonia is ascribed to deforma- 
tion of ammonia molecules. It frequently happens that oxides 
and sulphides are coloured, whilst hydroxides and hydro- 
sulphides are colourless, since OH“ and SH~ are stabilized by 
H '", and are therefore less deformable than 0 “~ and S 
respectively. The colour of certain substances, for example 
ZnO, PbBr2, AgBr, is developed by heat. The greater 
amplitudes of heat vibrations may be supposed to bring the ions 
nearer together, with consequently increasing deformation. 
Development of colour is also noticeable in the series : TiCl* 
(colourless), TiBr* (pale ydlow). Til* (red). ThI* is colourless, 
since the thorium atom is larger and less deforming than that of 
titanium. 

Ladenbinrg and Bohr linked the colour in salts of metals of 
group VIII of the periodic table with the presence of incomplete 
inner electron groups in the atoms of these metals and those 
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adjoining them in the transition series. Fajans®® pointed out 
that completion of outer electron sheaths plays no discernible^ 
part in the development of colour ; thus Cu"*""^ in spite of its 
incomplete shell is uncolomred, and Ag"*", Hg'*"’‘in conjunction 
with deformable anions lead to colour, although the sheaths of 
these cations are completed. It was therefore concluded that 
colour is no specihc property of free cations, but is dependent on 
the amon. 

Gudden and Pohl®* discussed the relation between deforma- 
tion and the photoelectric conductivities of substances. Thus 
many compounds where deformation is recognized to be present 
act as carriers in this way, for example, in the polar group, the 
majority of sulphides and oxides, the halides of many heavy- 
metals and some carbonates, and, amongst the non-polar 
elements, diamond, sulphur, red selenium and iodine. In these 
non-polar substances, stabilizing of electron sheaths results in 
the formation of a homopolar linkage, which, according to the 
view of Knorr,^®® is aissociated -with the attachment of electron 
orbits to more than one nucleus. It is of interest to note that 
these substances also act as carriers of the photoelectric current. 
Gudden and Pohl regard an increasing “ phase-relation ” 
between the dectrons of different atoms to be characteristic of 
the transition from the polar to the homopolar states of matter. 
The effect of light on the didectric constant of Sidot blende is 
noticed in this Vol. : 28B. 

Ephraim and co-workers^®^’^®* have examined the shifting of 
absorption maxima of reflection spectra of the ammoniates of 
halides of the rare earths, praseodymium, neodymium and 
samarium. The addition of ammonia and water molecules 
causes shifts towards the violet ; progressive substitution 
F-^d-^Br-^-I causes absorption increasingly towards the red 
end of the -viable spectrum. The results are hdd to be in 
agreanent with Fajans' deformation theory . thus F attracts 
the dectrons of the rare earth ion more strongly than iodine, 
on account of the greater deforming power and smaller size of 
F- Sdwood^®* has carried these observations a little farther 
in an investigation on the deformation of the dectron shells of 
the neodymium ion in solutions of neodymium perchlorate. 
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(D) Refraction and Dispersion. The variation of refractive 
jndex r with wave-length A (or frequency v) may generally be 
fairly accurately represented in the case of a gas by an 
expression of the Sellmeier type : 


r — X 



(«) 


where a, b, a', V arc constants for the substance considered. 
From this, roo may be found, by putting r = o. 

Dispersion of refraction may be treated similarly to refraction 
at a given frequency.’® Thus, taking the frequencies of the 
H-j8 and H-o lines, it is possible to examine departure from 
additivity requirements by a formula AD {R^ — 7?«)oi>b ' 

_ 2?a)csac- The values of AD are found to follow similar 
rules to those outlined above for AR. 

Recent refraction and dispersion measurements have been 
made on the following gases or vapours : Air,J®®-“® He,"’ Ne,’” 

i04iiis.ii7 Oa,^®*’^®’ Na,^®**^®® Hg,^®®’”“ 

H.O,i“ HaS,^" BCla,^^ BBra,^^ SiBr4,“i 0001*,“' 

CH*,!^® CaH„‘" n-C,Hi„i« CaHa,^^ CaH^.^^ CHaCl,^®-^^ 
CHaaa,“»'”’ CHa3,“®>^“ CC1„”® CHsBr,!!® CHaBra,^” 
CHaCHO,^®® CHaCOCHa,”^ CaHaOCaHa,^^ ; also upon HCN,^'« 
CHaCN,i“ CaHaCN,“* CeHaNC;*’® KCl,i“ AgCl,>®« AgBr,^®« 
TIG,’®® TlBr.®®* (Sec also »i*8as7 »»•*»> Evidence has 
been obtained that liquid prussic acid consists mainly of HCN 
molecules.^® 


(E) Refraction and Atomic Linkages. The cliief con- 
tributions of the deformation theory of molecular refraction to 
our understanding of molectxlar stnicture may be conveniently 
summarized under three heads.®’ (i) The influence of size, 
charge, departure from inert gas-like type, and (in solids) degree 
of co-ordination of ions have proved significant. The refraction 
of crystals increases with increasing co-ordination number, for 
example, in passsing from NaCl to CsQ types. Ions not having 
i ne rt gas structure arc specially .strongly deforming, and, in 
conjunction with largo anions .sudi as T , tend to set up homo- 
polar linkages. ( 2 ) The small difference between the molecular 
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refractions of liquid and gaseous substances may be associated 
with the setting up of van der Waals’ polarization forces between 
neutral molecules. Thus for SiClj, SnCl*, StiBr^, CHsCOOH, 
AR — i 2 v.iiioi:r — -Ruquid is positive. (3) The increase of 
apparent .R of 0 -03 % per degree rise of temperature for dissolved 
electrolytes may be associated with the solution effect, or 
influence of ions upon the solvent. Eykmaim (see ®®, p. 360) 
found that for 40 organic liquids, between 20® and 80 °C., there 
was a positive temperature coefi&cient of refraction of about 
0-005 to 0-012% per degree. Measurements on changes of 
refraction with temperature of vapours show either 
inappreciable (HgBr2, H2O) or very small (CO2) temperature 
coefficients, so that the results on liquids may be attributed to 
weakening inlermqlecular forces with rising temperatures. 
Information is thus gained on various types of forces between 
atoms, molecules and ions. 

The deformation theory of molecular refraction has made 
definite contributions in the direction of clearer insight into the 
interactions which take place between unit particles in solids, 
liquids and gases. On the other hand, explanations thus far 
advanced have been mainly qualitative, and the theory seems 
to awaxt quantitative foundation. Further, the somewhat 
arbitrary nature of the assigiunents of refraction contributions 
of free gas ions constitutes a weakness in the present treatment 
of the subject, whilst estimates are altogether lacking in tlie 
case of ions not of inert gas type. Fajans’ theory none the less 
affords much satisfaction, and doubtless contains the germ of a 
fundamentally important idea. From the structural stand- 
point, the theory is helpful towards understanding the possible 
nature of molecular states intermediate between the ideal 
polar and homopolax t3q)es. 
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CHAPTER XIII 


POLAR MOLECULES 

36 . Measurement of Permanent Electric Moment 

The conception of atomic electric doublets was introduced by 
Sutherland'- in 1895, and further extended by Reinganum,** 
Thomson® and Bradford.® The fundamentals of the theory of 
polar molecules, having “ intrinsic ” or " permanent,” a.K 
opposed to “ induced ” moment, were due to Debye.® It was 
shown that at lower frequencies such molecules would become 
orientated by an applied field, and that it was necessary to 
introduce’ an orientation term into the Clausius-Mosotti 
expression for molecular polarization (see Chapter XI). TIic 
orientation polarization was found to vary inversely witlr 
absolute temperature, the molecular moment itself being 
assumed to be independent of temperature. 

The order of size of dipole moment is of the electronic charge 
multiplied by the unit of distance ; if the charge is in electro- 
static (E.S.) units, and the distance m Angstroms, the 
magnitude will be of the order 4 x 10 ~'® X lo"« == 4 X lo~“ 
E.S.C.G.S. unit. The unit is taken as io““, which is termed 
one Debye (D). AH values are given in terms of this unit. 

Methods available for the experimental determination of 
electric moment are considered in the four following sub- 
sections. 

(A) Temperature Variation Method. Slightly modified 
forms of equations (8) of cap. X and (18) of cap. XI may be 


given as follows : — 

PT = uT -f 6 (i) 

pr = |,jr(ar + ^) 
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which lead to 


and 


a = — ‘iTNa 

3 

b = 

9 k 


f3) 

(4 


Inserting N 
(4), 


6 '06 X 10 *® and k = i‘372 X lo in equation 
ft — o-oizyVb X io““ (e\ 


If now curves are drawn from the experimental results 
representing the variation of PT with T, the mtercepts on the 
PT axis will represent values of b, and the tangents of the 
of slope values of a. Figure LXIII shows the curve found by 
Isnardi and Gans* for ether, which has a polar molecule. 
When intrinsic electric moment is absent, i = o, and the curve 
passes through the origin, as Isnardi and Gans found in the 
ca.se of toluene. If P is plotted against i /T, on the other hand, 
the intercepts on the P axis measure a, and the tangents of 
slope angles give b. In this case, for b = o, giving fi — o, the 
lines run parallel to the i/T axis, as shown in Figure LXXX, 
CCI 4 and CH*. 

Using equation (5), Jona’ found /* = 1*53 Debye units for 
NH 3 gas. Zahn® plotted P against i/T for HCl, HBr and HI 
vapours, and found n = 1*03, o^yS and 0’38 respectively. It is 
noteworthy that tlrese values are in the order opposite to that 
of the deformabilities of the negative ions. Zahn was able to 
show that by extrapolation to i/P = 0, that is, to bigb tem- 
perature, where defonnability alone is operative, the 
polarization values decreased in the series HI to HBr to HQ 
(Figure LXXIX). At ordinary temperatures, the dipole effect 
as.sumes increasing importance, and the order is reversed. 
Sanger® investigated the series of liquids CQ 4 , CHQj, CHjQg, 
CH 3 CI, and fotmd /* = 0, 0-95, 1*59 and 1*97 respectivdy, the 
moment increasing with increasing molecular disymmetry 
(Figure LXXX). For water, Stuart^® found 1-79, and 
WiUiams^^ 1*70. The earlier value of Jona® was 1-87 x io~“. 
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The same observer found values for SO 2 and CH3OH of 176 
and I ’61 respectively. Jona’s curves {PT with T) are .shown 



Figure LXXIX. — ^Reiation Between Moiecuiar Polarization and I/T 
FOR Hydrogen Halides. 

in Figure LXI. Equation (i) is strictly applicable only to 
gases, and to substances in inWtely dilute solution. 



Figure LXXX. — ^Relation Between Molecular Polarization and 1/2' 
FOR Methane and Chlorinated Derivatives. 


(B) Optical Frequency Method. In tliis Vol. 31C, it is 
observed that owing to the relatively high relaxion times of 
molecular dipoles, the molecular refractions for optical 
frequencies contain no paraelectric or orientation part. Since 
the indices of refraction are not independent of frequency, the 
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value lor infinitely long waves is obtained by means of a 
dispei-sion formula. If, then, « = J"®, the following expression 
independent of temperature is used : — 


rl, — xM 

°o 


=— jriVo 
3 


( 6 ) 


whence, using (2), it follows that 




.so that, inserting values of N, k and w, 

ft. = 0-0127 X io~“V(-P — -^00 )T (7) 

from which may be obtained from a single determination of 
P at a given absolute temperature T. This method has given 
comparable results with the studies on temperature variation, 
though not always in very good agreement. For ammonia, 
Jona found (i = 1-56, in satisfactory agreement with the value 
found by the method of Section 36A above, derived from the 
following figures : P = 57-6 c.c. at T = 292-2'’K ; for 
T 273 °K, r (D line) = 1-000379, Mjd = 22,400 ; whence 
Peo =■- 5 ' 7 > (P - Poo )292-a®K= 51 * 9 . and the above value 
of fi then follows using equation (7). 

(C) Solid Dielectric Method. Eirera^”® sugg^ted Ihe 
use of measurements of dielectric constants of solid bodies, 
where the permanent dipole effect is absent, as a means of 
determining that part of molecular polarization which includes 
Pjs and P^ (equation (21) of Chapter XI). Measurements' on 
substances in the liquid or dissolved states then yield the total 
polarization P, whence by subtraction the orientation polariza- 
tion Po may be found, where Pq = ilT. Equation (4) then 
enables i* to be calculated as in the previous method (b). It 
was found (this Vol. . 27A) that the dielectric constant of cts- 
dichloroethylene was greater than that of the trans-compound, 
associated with permanent moment of the m-compound due 
to its greater lack of molecular symmetry Errera showed that 
the dielectric constant of the solid cts-compound, where the 
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dipole effect was eliminated, was equal to that of llu* /nuis- 
compound in the ordinary stale. Th(! followinf' vahavs .show 
this for the bromine and iodine dt‘rivativ<*s :■ 



CHBr=r CIIBr 

CUT 

cm 


fC. 

c Jc 

rc. 

c jdc 

cts-isomers 

fra«s-isomers 

f 17 liquid 

1 — 72 solid 
t 8 liquid 

G-62 \ 

2*72) 

J x8 lifjuid 

1 --30 solid 

27 licBiid 

'* IMO 


As a result of this work, it is sliown that c/s-dichloroethylene 
has = 1*89, the fm«s-compound, n ■ o, and the a-symmetrie 
isomeride CCI2 = CHg, n — i-i8. Ori/io- and ?«efff-<lu'hlor- 
benzenes have dipole moment, but not the ;^tfW-conipound. 

(D) Other Methods. Estermann“>** has rwcntly sum- 
marized the methods available for the det(;nnination of 
molecular electric moment. Among these, other than those 
mentioned above, are : the method of dipole rotation (Born 
and Lertes, see Vol. i : 19D), of electro-striction, of the Stark 
Effect in band spectra, and oif the molecular ray method. It is 
claimed that the last-named avoids uncertainties inherent in 
other methods, being direct in application.^® The experiment al 
arrangement is similar to that used in the study of the Stern- 
Gerlach Effect (Vol. i: 31), but an inhomogeneous electric 
field is substituted for the magnetic field. Mathematical 
analysis was given by Kallmann and Reiche,“ and by Stem. ” 

Early experimental work by the method of molecular rays 
was carried out by Clark“ on ASjO j, and Wrede'* on KCl, KBr, 
KI and TlCl. More recently, the following dipole moments 
have been obtained: Nal»« 5*10, KC 1 “ 6-38, KI»» (>78, 
qmnom^ 0, paranitramlim** 5-6, pewtaerythrilol'^'*^ a, penlaery- 
thntol tetrahromHe^'^ 0, peviaerythritol tetracetaie*^ 3. 

The method of determining ,*’s using solutions is explained in 
the following section. The results obtained have been discussed 
by Williams.^ 
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37. Typical Results on Solutions 


Let two components i and 2 be present, and let ai, be 
-their polarizabilities , the numbers of molecules per unit 

volume ; M-i, the molecular weights ; /i, the fractional 
ixtambers of molecules per unit volume ; P2 the molar 
polarizations ; P the molar polarization of the mixture and d 
its density. Then d is the weight of n-i + molecules, so 
that 


d = 


. ..-^2 «iAfi + «ss^a 
«ilV + «2-]^ = 


( 8 ) 


If, now, additivity of the Clausius-Mosotti relation is assumed. 


+ « 2 “a). 


so that, using (8), 


+ 


■) 


= 4^iV 


^ f ^ ^202). 

This relation may be put in a more convenient form by using 
fx == «i/K 4 - «2),/2 = «2/(«i + »a), whence 

or 

P = Pik + P2h (10) 


A large amount of accurate work has been carried out on 
mixed liquids, largely by Smith,**,*® Williams ** and collabora- 
tors. A few typical results wiU now be given, where one 
constituent (benzene) has negligible polar moment. 


(A) Benzene and Ethyl Ether Mixtures. Table XLVT 
shows results obtained by Williams and Krchma.*® 

The table shows density and dielectric constant values for 
various fractional molecular concentrations represented by 
jkx> /a- P ^ obtained from these by the use of equation (9), 
where Mi = 78, M2 = 74, and from P, values of Pi/i are 
derived, and thus of P2/2 by difference, using (10). The last 
column gives values of P2 calculated from those of the cor- 
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Table XLVI —MOLECULAR POLARIZATION OF BENZENIMiTHER 

MIXTURES 


The symbols at the heads of the columns have the significance explained in 
the adjommg text 


ft 


df 

€ 

P 

pjt 

Ps/s 

m 

Benzene 

Ether 


Mixtun 

iS 

Benzene 

Ether 




0 8731 

2 282 

26 73 (Pi) 

2673 

0 00 

(54-5) 

0 75 

0 25 

0 8297 

2*713 

33 73 

20*05 

13 68 

54-7* 

0 50 

0 50 

0 7881 

3-183 

40-65 

13-37 

27*28 

54-6* 

0 25 

0-75 

07465 

3-691 

47-52 

6*68 

^0 84 

54'5 

0 00 

I 00 

0*7077 

4-623 

54-50 





* Williams and Krchma give 54*5. 


responding P^f^. It is seen that these Pj values are practically 
constant. 



FicmtB LXXXl.— Molecular Polarization of Bbnzbnb-Ethbr Mcctitrbs 

Figure LXXXl shows the same results. Line II gives P 
values. An intersecting line such as CE equals CD + DE, 
where CD = Pj/j, DE = Pjf^, CE = P, the assumption being 
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made that curve I, which represents the change of polarization 
of the benzene, is linear. Line III represents Pg values, taVen 
as 54-5 throughout. This curve may be obtained from the 
other two by CD/AE, giving EF, since AE = /g, this graphical 
method involving the same principle as is used in calculating 
the values of Pg in Table XLVI 

As an example of the method, the dipole moment of ethyl 
ether may be calculated. First, is found from the value 
of , the extrapolated index of refraction to infinite wave 
length. Using equation (6), WiUiains found = 23-0, 
whence, inserting P = 54-5 in equation (7) for T = 298°K., 
fj, = 1'23 (Debye units). The constancy of Pg for ether in 
benzene suggests lack of molecular association of ether (see 
this Vol. : 40B). 

(B) Benzene and Chlorobenzene Mixtures. A further 
typical case is provided by mixtures of benzene and chloro- 
benzene, whose dielectric constants i(ave been determined by 
Smith, Morgan and Boyce,*® and Williams and Krchma ** 
Table XLVII is expressed in the same way as Table XLVI, the 
data being those of Williams and Krchma. 


Table XLVII —MOLECULAR POLARIZATION OF BENZENE-CHLORO- 
BENZENE MIXTURES 







PJx 

p*/. 

H 

Benzene 

Chloro- 

benzene 

Mixtures 

Benzene 

Chlorobenzene 

1*00 

0*00 

0-8731 

2 280 

2<573 (.Pi) 



(82-0) 

0'(;o 

0*10 

0 8993 

2-623 

3X-8O 

24 06 

7-74 

77-4 

0-75 

0*25 

0-9361 

3-131 

38-4* 

20 05 

18 -37 

73 - 5 * 



0 9946 

3-979 

47 71 

13-37 

34 34 

68-7 

0*00 

1*00 

I-IOII 

5 610 

61-84 

0-00 

61-84 

61 -8 


•Williams and Krchma give 74-5 
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Table XLVII provides the curves of Figure LXXXII, plotted 
in the same way as Figure LXXXI. The (extrapolated) value 
for chlorbenzene in infinite dilution is taken as 82, and used to 



FiGintB LXXXII. — Molbcuijlk PoLMUZi^TiON OF Bbmzbnb-Chlorobbnzbnb 

Mibturbs. 

calculate Curve III is of a different type from the cor- 
responding curve in Figure LXXXI, and shows a continuous, 
not linear, change of P, with concentration. 

(C) Benzene -Ethyl Alcohol Mixtures. The dielectric 
constants of mixtures of benzene and ethyl alcohol have been 



Figurb LXXXIII. — M0LBC01.AR PoLARiziLTioFr OF Bbnzbne-Alcohol 

Mesxtjrbs. 

measured by Philip” and by King and Patrick.” Calculation 
of the polarization of alcohol at different dilutions from Philip’s 
measurements leads to curve III of Figure LXXXIII, where a 
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maximum occurs at about 0-3 molecular fraction of alcohol 
(Table XLVIII). 

Summarizing, three types of curve representing changes of 
polarization with concentration for a polar solute in a non-polar 
solvent may be recognized, where the curves are respectively 
(1) linear and parallel to the concentration axis (CeHe- 
C2H5OC2H5), (ii) not linear and without maxima or minima 


Table XLVIII —MOLECULAR POLARIZATION OF BENZENE-ETHYL 
ALCOHOL MIXTURES. 


h 

J2 

iie 

■ 

P 

PJx 


B 

Benzene 

Alcohol 


Mixture 

iS 

Benzene 

Alco 

1 

I 00 

0 00 

0 8828 

2 244 


25*9 

0*0 

(71-7) 

0 80 

0‘20 

— 

— 

38-5* 

20*7* 

17 8* 

80 *0* 

0*62 

1 

0 38 

0*8521 

6 813 

50 7 

i6*o 

347 

91*3 

0 38 

0 62 

0*8396 

13*09 

55*4 






0*8168 

21*30 


3*6 

50*4 

58-5 


loom 

0*8004 

27*1 

51*4 

lllllll^ 




* Obtained by interpolation 


(CeHtf-CgHsCl), (iii) not linear with a maximum (CaHo-CjHsOH). 
The different behaviour of polar molecules in these respects 
is discussed in connection with dipoles and molecular associ- 
ation (this Vol. : 40B). It may be sufficient to note 
here the practical impossibility of formulating one mixture 
rule which would account for the polarizabilities of liquid 
mixtures in general. 

The procedure outlined in the present section has been 
extended by Williams and Allgeier** to the case of polar solids 
in benzene solution. 
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(D) Solvent Influence. Careful measurements indicate 
that the solvent may influence the polarization of a solute : 
thus, for example, phenylmethylcarbinol shows a moment of 
I ’55 in hexane, and of i-6o in benzene solution. The 
abnormal freezing-points of nitrobenzene in benzene and cyclo- 
hexane may be interpreted in terms of polarization influences 
Ionization of a dissolved salt may prevent the extrapolation of 
polarization to infinite dilution.®^ Muller*®’®* has thoroughly 
examined the problem of solvent influence, and finds the 
essential effect to be connected with the dielectric constant of 
the solvent. The dipole moment of nitrobenzene in various 
solvents decreases as the dielectric constant of the solvent 
increases.*® Bless*® has observed that equation (10) neglects 
the internal fields of molecules, and is only strictly applicable 
to gases and dilute solutions. Similar views are expressed by 
Weigle.** van Arkel and Snoek*’ have proposed a modified 
form of equation (18) of Chapter XI, by replacing ^kT by 
^kT -1- c«/**, where c is a constzmt and n the number of dipoles 
per c.c. This is applied to molecules in which one group has 
moment in non-associating solvents, and extended to polar 
solvents and associating solutes. Greene and Williams®* have 
discussed cases (ethylene dichloride and dibromide in benzene, 
hexane and heptane) where the abnormal behaviour in solution 
as compared with that of the pure solute vapours is attributed 
to changes in the internal structure of the molecules produced 
by the solvent (see 38C below). Steam and Sm3^h®® suggest 
that results may be explained by the formation of complexes 
between solvent and solute (ethylene chloride in benzene and 
in ether). It is believed that oscillations of double bonds in 
the case of carbocydic compounds containing benzene nuclei 
may account for variations of polarization of a given substance 
in different solvents.*® Errors may also be introduced by 
neglecting the infra-red terms associated with atom polarization 
in m aking extrapolations to infinite wave-length from measure- 
ments made only in the visible region of the spectrum.**'** 
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38 . Dipole Moments of Acyclic Organic Compounds 

A complete list of dipole moments up to the date of the 
present work is available.^® Attention is directed in the present 
and following sections to sahent features of theoretical interest. 

(A) Hydrocarbons. The dipole moment of inethatie CH4 
is zero,*® in accordance with anticipation for a ssunmetrical 
structure. The tetrahedral S3mimetiy of methane is supported 
by the study of its infra-red spectrum.** The C-H distance, 
c^culated from the moment of inertia, is i •14.*® Boer and van 
Arkel,** assuming an ionic model C'*"’''’ -f 4H, calculated 
the potential of the molecule, and obtained a value (181 volts) 
in fairly satisfactory agreement with that calculated by a 
thermodynamic cycle (169 volts). The model can, however, 
only approximately represent the true structure, wliich has 
covalent rather than electrovalent hnkagc.s. The other 
n-paraffinsssA the unsaturated S3mimetrical ethylene CHj : Clia 
and acetylene CH • CH molecules also have zero moment.*® 
The same is true of the symmetncally substituted dibulyl- and 
diamylacetylenes,*''’ but not of unsymmetrical propylene, or 
methylethylene CHjCH : CHg and a-butylene CH3CH2CH : CHg, 
or ethylethylene,*® where /4 is estimated as 0*35 and 0*37 
respectively. Isoprem, or j8-methylbutadiene CHa : C(CH3). 
CH : CHa, has practically zero moment,*® in spite of its .some- 
what unsymmetrical structure. Dipole moment cannot, there- 
fore, be the cause of the molecular association of isoprene in 
rubber formation. According to Farmer and WaiTcn,*® 
a substitution in butadiene CHa : CH.CH : CHj has a greater 
influence than j 3 substitution. When py substitution occurs, 
giving the symmetrical CHg • C(CH3).C(CHa) : CHg, neutraliza- 
tion takes place, giving zero resultant dipole moment. 

(B) Symmetrical Derivatives of Methane (CK4 Type). 
Normally, no dipole moment would be expected for a sym- 
metrical tetra-substituted derivative of methane : this is 
fulfilled in the case of carbon tetrachloride, CCI4.*® Tetranitro- 
methane C(NOg)4in benzene solution was found by Wilhiuus to 
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have /*<o*2, and by Weissberger 0'48.“ It is interesting to 
note in this case that Mark and Noethling found a crystal 
structure in which one nitro-group was different from the other 
three (this Vol : 13B). The four groups may, however, be 
equivalent, even where dipole moment is found, as in 
pentaeryfhntol C(CH20H)4 /i^2, peftiaerythritol tetracetate 
C(CH2C00CH8)4 /t 4 = 2'i8, tetramethylmethane tetracarboxylMe 
C(COOCHs)t /* = 2-8, and tetraethylmetJume tetracarhoxylate 
C(COOCgHB)4 F- = 3‘0.“ Moments have also been reported for 
methyl orthocarbonate C(OCH8)4 and ethyl oriJiocarbonaie 
of 0*8 and i-i respectively,^® whilst a later measure- 
ment by Fuchs" on the methyl compound vapour gave /i<0'3, 
and probably zero. Tetrachloro- and tetrabromopentaevyihrite, 
C(CH2C1)4 and C(CH8Br)4 respectively, have zero moments." 
However, a sufficient number of cases where moment is 
definitely present with four equal substituents has been 
established to require further explanation. It was first pointed 
out by Hojendahl®® that if the directions of lie of the attached 
groups is not coincident with the tetrahedrally symmetrical 
valency directions of the central carbon atom, then free 
rotation and interaction may give rise to moment. This 
explanation was adopted by Williams,®^ and is now accepted, 
in preference to an earlier suggestion of Weissenberg,®® who 
thought a pyramidal structure with the four groups in a plane, 
the carbon atom being at the apex, might account for the 
anomaly. In the course of his work on expanded films on 
aqueous surfaces, Adam has found independent evidence of 
tetrahedral S3mmetiy in the case of pentaerythritol telra- 
Palmitate (see literature dted in Vol. l : 33Ca). 

(C) Compounds containing Halogens. The moments 
rMorded by different observers sometimes vary fairly con- 
siderably, especially when measurements are made in solution. 
The direct measurements on gases and vapours may generally 
be presumed to be most accurate. In what follows, the 
apparently most probable numbers are chosen. 

The results for the halogenated methanes may be tabulated 
as follows." 
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X 

F Cl Br I 

CH,X 

CHaXa 

CHX, 

1-85 i-8o 1-64 

.. .. 1*05 0*99 0 80 


The Veilues decrease in the series chlorides->-bromides->iodidcs, 
also from chloride->-fluoride and from derivatives. 

The relatively low value of CHgF may perhaps be due to 
deformation of the CHg group by the F atom, with consequent 
lowering of the dipole distance.®® In the and Xs com- 
pounds, repulsive forces between the halogen atoms distort the 
tetrahedral structure, and thus reduce the moment.®* The 
angles between the chlorine valency directions are found to be 
124° for CHaCl2, and 116° for CHCls,®®’®® in agreement with the 
X-ray measurements of Bewilogua.^®’ The fall from chlorides 
to iodides may possibly be associated with increasing polariza- 
bility of the halogen atom.®^ 

The following table compares members of homologous 
series : — 



X~^ 

F 

Cl 

Br 

B 

Methyl 

CHjX 

z- 8 i ^7 

1-85 

I -So 

I ‘64 

Ethyl 

CHaCHjX 

I * 92 ®’ 

2 » 0 $ 

1-79 

1*62 

n-Propyl 

CH,CH,CH,X 


2*04 

1-94 

1*63 

Isopropyl 

(CH,),CHX 


2*04 

2-09 

1-99 

n-Butyl 

CH,CH,CH,CH,X 


x -97 

1-97 

1-88 

Isobutyl 

(CH,),CHCH,X 


i* 9 <> 

1-97 

1.87 

Secondary butyl 

CH,CH,CH(CH,)X 


2*09 

2*12 

2-04 

Tertiary butyl 

(CH,),CX 


215 

2-21 

2*13 


Comparing normal paraffins, there is no appreciable increase in 
dipole moment with increasing chain length, except possibly 
from methyl to ethyl in the fluoride and bromide series.®*’®^'®® 
The observed moment is mainly to be associated with the C-X 
linkage ; induction from this part of a molecule may raise the 
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moment from MeX to EtX, but has no influence past the 
second C atom from it.®* Polanzation effects are also 
operative.®’ An exact quantitative consideration of the 
influence of a dipole on the remainder of a molecule containing 
it IS at present impossible, though various qualitative sug- 
gestions have been made ®® Smce the experimental numbers 
are often considerably divergent, and the theory is insufficiently 
developed, it appears undesirable to pursue this matter from the 
quantitative standpoint at the present stage. 

It is mteresting to compare the variations with structure in 
the butyl halide isomendes, discovered by Parts ®® The above 
table shows that the moments increase in the senes normal-^ 
secondary-^ tertiary halides, whilst the normal and iso- varieties 
have approximately equal values. This finds a simple inter- 
pretation in terms of structural considerations.®® If only two 
carbon atoms distant from the principal dipole are affected by 
induction, then in the secondary compound three, and in the 
tertiary compound lour carbon atoms are affected. Since the 
branching in the chain in the iso-isomer occurs at the carbon 
atom two distant from the dipole centre at the C-X Imkage, it 
may be expected that normal and iso-compounds will have 
approximately the same moment 

van Arkel and Snoek’®® have found that boiling-point data 
give evidence of dipole moments in the case of halogenated 
methanes. Of two isomers, the lower boiling tends to have the 
higher moment. Tlie moment introduced by an F atom is 
comparable with that due to Cl or I3r: thus CBraFa and 
CBraF have zero moments. 

Gross ®^ has considered the series : CHaCla — i*5o, 
CHClaCHa 1*98, CHClgCHaCHa 2-o6, CHaCClaCHa 2-i8, where 
substitution of H by CHs causes an increase in moment. It is 
considered that an induced moment in the CHg group must be 
regarded as unlikely, and the results are attributed to polariza- 
tion effects, acting in such a way that the angle between the 
C-Cl dipoles will be less, and therefore the moment larger, in 
CHCljCHa than in CHaClg, since in tlie former case only one 
H atom is attached to the C atom carrying the dipoles. Similar 
explanations are extended to other cases. It becomes clear 
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that induction alone is insufficient to explain all the observa- 
tions, and that other influences must be taken into account. 

Muller and Sack*® have investigated 1-2 ixza&-dichloroethylene 
and I "2 disrdichlovoethylene CHCl : CHCl, and find moments of 
<0*70 and 1*74 respectively. Probably the trans-compound 
has zero moment, as Errera®* found for the corresponding 
Cl-Br, Br-Br and I-I compounds. The effect of the doublets 
is reinforced in the cis-compounds. As the sizes of the sub- 
stituent halogen atoms increase, so the angle between them is 
widened, with corresponding diminution of moment. For the 
Cl-I compound CHCl : CHI, however, the order is reversed : 
cis n = 0*57, trans 1*27. It is supposed that the I atom carries 
a positive charge relative to the Cl atom, so that the moments 
cancel more nearly in the cis-compound where the dipole 
groups are nearer together. Stuart** finds the cis-forms of 
these compounds to be the more stable. 

A large amount of work has been carried out on compounds 
of the type CHjXCHjX, where the interesting phenomenon of a 
variation of dipole moment with temperature has been observed, 
in disagreement with expectation on the grounds of the earlier 
Debye theory. The dipole moment of ethylene dicJdoride 
(dicMoroethane) CH2ClCHgCl was determined by Ghosh, 
Mahanti and Sen Gupta*® as i"57, and originally believed to be 
independent of temperature. Williams*® found that for a 
molecule of this type, assuming free rotation about the C-C 
bond, so that any orientation of the two dipole bonds C-Cl was 
equally likely, the dipole moment was given hy n = 
where w is the moment of each C-Cl linkage, and 6 the angle of 
inclination of the C-Cl dipoles with the central C-C direction. 
Tlie value of m was taken as 2*0, equal to the current value for 
CHjQ. This gave d = 38°, as compared with the tetrahedral 
angle 70°, so that considerable repulsion of the polar groups 
was assumed, leading to departure from the normal tetrahedral 
symmetry of carbon bonds. Meyer*’ investigated the molecular 
model more closely, and found that if the mtramolecular 
potential, due to interaction between the polar groups, exceeded 
a certain critical amount (o-ikT) free rotation of the C-C bond 
would be hindered. He therefore said that the dipole moment 
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of ethylene dichloride should increase with temperature, since 
rising temperature would gradually weaken the interaction of 
the groups and thus favour free rotation. The variation with 
temperature was experimentally established by Zahn,“ who 
foimd that the moment was i'X2 at 32°C. and i-54 at 270°C. 
Sanger*® argued in favour of Williams’ view of free rotation, to 
which Meyer’® replied. Smyth and Kamerling’^ extended the 
argument to ethylene iibvomiie CHgBrCHjBr, and to poly- 
methylenes of the type BT{CR^^r, where « = 3, 5 and 10. 
For the case n = 10, no variation of moment with temperature 
was found, indicating that the active groups were too far apart 
to influeace each other, and that there was no pronounced 
bending of the hydrocarbon chain. Long chains with indepen- 
dent dipole groups at their ends have a moment given by 
where m is the group moment associated with 
either dipole Imkage.’® Ethylene bromide shows a higher 
moment in benzene than in heptane at the same temperature, 
the benzene for some reason weakening the force between the 
dipole links.’® An extension of Meyer's calculation showed 
results in agreement with classical and wave mechanics.’* 
Mizushima and Higasi’® adopted the theory of lack of free 
rotation in interpretation of the variation of moment of ethylene 
dichloride with temperature, whilst Greene and Williams’® 
admitted that the assumption of free rotation was unjustified, 
since mutual repulsion between the dipole groups would not 
cause so large a deviation from the tetrahedral model as that 
originally found by Williams. An undeformed tetrahedral 
angle between the C-C and C-Cl was assumed (70®), and the 
contnbutions C-Cl and G-Br were found to be 1*46 and 1*20 
respectively. Lermard- Jones and Pike” have given mathe- 
matical treatment to the cis- and trans- models of ethylene 
dichloride. Sm3d:h and Walls*®® have considered the cal- 
culation of dipole moments in aliphatic chains of varying 
length, when 2, 3 or 4 dipoles which may move relatively to 
each other are present, following the method suggested by 
E3uing.**® Zahn*** has also considered the constitution of 
molecules having several axes of free rotation in the light of 
dipole moment measurements. No noticeable dependence on 
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temperature was observed in the cases of ethylene chlorhydrin, 
ethylene glycol, ethylene diamine and succinic acid d%ethyl ester. 
Zaiin’® has conveniently summarized the position concerning 
this interesting theory, in a paper to which further reference 
may be made. 

The equation suggested by Williams*® mentioned above, 
applicable to the case of symmetrical molecules of the t57pe 
CHsXCHjX, for free rotation about the C-C bond, turns out to 
be a special case of the equations of E5ning^^® and Meyer®’ 
deduced for hindered rotation due to interaction of the two 
dipole groups X. Thus E3ning’s equation reduces to that of 
Williams for the case of free rotation about a single bond, 
whilst Meyer’s relation takes the same form at high tem- 
peratures, at which the rotation becomes free. 

The conception of lack of free rotation in ethylene dichloride 
is foreign to the classical interpretation of the single C-C 
linkage. There is, however, no necessary discordance, for the 
linkage considered is free as compared with that in dichloro- 
cthylene, for example, but the rotation is hindered to some 
extent by the interaction of the polar groups. The possibility 
of the presence of mixed states must also not be overlooked : 
a mixture of molecules of two kinds, one permitting and the 
other inhibiting free rotation, would lead to the observed 
behaviour. 

The general question of the possible additivity of con- 
tributions of group moments to molecules as a whole is con- 
•sidered in Section 39A. 

(D) Alcohols, Mercaptans, Ethers and Thioethers. The 
most probable moments taken from the tables*® are as shown 
on page 348. 

This group of substances forms triangular molecules like those 
of water and hydrogen sulphide. The angle between the 
oxygen valency directions is probably about 115° and between 
the sulphur valencies about 90®, and these angles may not vary 
very much in different compounds.’® A further important fact 
emerges from the table overleaf, that the moments in a given 
series of compounds are practically independent of chain 
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Alkyl Group R 

ROH ESH ROR RSR 

1 

CH,- 

CHjCHj- 

CHsCHjCHa- 

(CHJaCH- 

CHaCHjCHaCHj- 
(CHslaCHCHa- 
CHaCHaCH(CH8) - 
(CHJsC- 

CHaCHaCHaCHjCHa- 

1*68 1*29 1*40 

1*69 1*39 1-15 1*58 

166 1*33 i*i6 155 

1*70 

1-66 I 40 ... I 57 

I 58 

1*75 ... .... 

1*67 

... . 1 51 .. i* 5 y 


length. The absence of an inductive effect in the series of 
alcohols may be associated with localization of the moment in 
the neighbourhood of 0 atoms, the resultant being determined 
by combination of C -0 and 0 -H moments.®® The moments 
agree with Debye’s equation for variation of dielectric constant 
with temperature at higher temperatures where association is 
absent.®^ The constancy of moment in the homologous series 
of alcohols is further shown by measurements on the higher 
members by Ghosh, Sack and Higasi.*® Ethyl mercaptan has 
a higher dipole moment than hydrogen sulphide { ia ^ i - o ), 
which Hunter and Partington®® have suggested may be due to 
induction. If this is so, one would e^ect a lower moment for 
methyl than for ethyl mercaptan, but no measurements are 
available to check this point, although a definite increase seems 
to appear between methyl and ethyl thioethers. It is note- 
worthy that the thioethers have greater moments than the 
corresponding ethers, whilst the mercaptans have lower 
moments than the alcohols. It appears that the group moment 
C-S is greater than that of H-S, whilst between C -0 and H -0 
the order is reversed.®*’®* 

Smyth and WaHs^® have examined four glycols of the general 
formula OH(CH,)aOH, obtaining the following moments : 
n = 2 (ethylene glycol), 2-30 ; 3, 2-51 ; 6, 2-48 ; 10, 2-54. 
The compoimd CHjCHOH.CHaOH gave jn = 2-28. No sensible 
variation of moment with temperature was detected, and free 
rotation around the C-C bonds must therefore be assumed, 
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It may further be presumed that no pronounced bending of the 
chains takes place. 

(E) Acids and Esters. The moments for the following 
aliphatic acids and esters are approximately as follows : — 


X 

XCOOH 

(XCOOH), 

HCOOX 

CH#COOX 

C^HbCOOX 

CsHtCOOX 

II 


099 


1 73 

I 73 

0*78 

Cllf 


I Of 


I 76 

1 71 

1*74 

Cj|H» 


088 

1*93 

I 81 

1 77 

I 78 

n-CsIIr 

0 78 

0'93 

, 

I 85 

I 8 o 

I 97 

11.C4H, 

0 f>3* 

0 89* 


I 87 

I 81 



• Isovalenc acid 


Zahn*’ measured the moments of formic, acetic and propionic 
acids, and found a variation with temperature, which was 
explained as due to changing degree of association. Above the 
temperatures at which only single molecules were present, the 
moment was found to be unaffected by temperature. This 
might be interpreted in favour of free rotation about the single 
bonds, but Meyer” found that a temperature of 20,ooo°C. 
would be necessary to yield free rotation, so that one would 
not expect to find any appreciable variation in moment on this 
account working at temperatures available in the laboratory. 
After the first three members of the fatty acid series, the 
moment becomes constant in the neighbourhood of 0-7 (see 
mca.surements on palmitic and myristic acids®®). Wilson and 
WeiiKke®® found the moments of single molecules of the first 
three members in dioxane solution. Earlier work in benzene 
.solution referred to double molecules (XCOOH)8, since 
association is well known to occur in this solvent. The 
moments of acetic and propionic acids in hexane solution were 
found by Piekara®® to vary with temperature, a result which the 
author regarded as partly due to association, in agreement with 
the earlier conclusion of Zahn. 

vSmyth and Walls*® adopted a modd of the carboxyl group 
in which the H'*' was attracted to tlie 0 “ of the carbonyl group, 
and argued that Zahn’s observation of temperature variation 
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in the case of acetic acid might be due to hindrance of free 
rotation in the C-OH linkage, as in the case of ethylene 
dichloride discussed above. Zahn fotmd that the moment 
became constant above about 200 °C., so that if Meyer’s cal- 
culation of the high temperature necessary to bring about free 
rotation is accepted, it is clear that the experimental variation 
below 200®C. caimot be associated with increasing freedom of 
rotation in this region of temperature. Two independent 
causes may bring about variation of moment with temperature : 
lack of free rotation due to interaction of dipole groups, and 
association varying with temperature. Zahn’s result is pro- 
bably correctly interpreted as due to the latter. 

Wolf and Gross®^ suggested that the moments in homologous 
.series should be found to alternate with odd and even numbers 
of C atoms, as is the case with melting-points and other con- 
stants (Vol. 1 : 14 ; this Vol. : 13F). It appears impossible to 
maintain that this alternation exists for dipole moments, for, 
as already noted, the values are constant within the limits of 
experimental error in a series, excepting where other causes, 
such as inductive influences, are operative. Midler and Sack*® 
observed constancy in the series of esters of acetic acid. 

Cuy®® suggested that in hydrocarbon and other aliphatic 
chains the carbon atoms were charged alternately positively 
and negatively, and Smyth*® discussed the electric moments 
of acyclic compounds from this point of view, and found that 
no evidence of measurable alternation was available. The 
conception of alternating polarities is open to much criticism, 
and Carothers®* and Kharasch and Darkis®* have found that 
the observed alternation of physical properties in homologous 
series (mdting-points, heats of combustion, etc.) affords no 
proof of intramolecular alternation of polarity. Convincing 
proof of this contention is found in the lack of alternation of 
dipole moment in series of corresponding compoimds. The 
behaviour of other physical constants in series can be inter- 
preted in teims of a zig-zag arrangement of the carbon chains 
(this Vol. : 13). 

The esters show no appreciable temperature variation of 
moment.®* It seems probable that free rotation is possible in 

350 



xni 38 f] dipole moments of acyclic oroanic compounds 

these cases, since the alkyl group substituted for H+ in the 
carboxyl group would not be expected to undergo much inter- 
action witli the carbonyl oxygen atom. 

Compounds of the type COOC2H5(CH2),iCOOCaHs show no 
appreciable change of moment as n is increased from o to 8 to 
i8.®® The long chains have presumably extended structure, 
winch do not bend appreciably in weak external fields, so that 
their end dipoles cannot interact. 

Aliphatic amino-acids and polypeptides, containing the 
NHj+CHaCOO"* ” zwitterion ” m solution, show regularly- 
increasing dipole moments as the number of C atoms between 
the poles increases.®^ The measurements enable calculations 
of the distances separating the polar groups to be made. 

Weissberger and Sangewald®® found that polymorphic forms 
of dimethyl tartrate give equal moments, and that no evidence of 
compound formation on racemization can be found in the case 
of dimethyl mandelate, the d and dl forms having the same 
dipole moment. 

(!<') Compounds containing Nitrogen. The approximate 
moments of some simpler compounds of this class may be given 
as follows : — 



— NHa 

—NO* 

(mtio-) 

—NO* 

(mtnte) 

— NOa 

— CN 

— SCN 

— NC«? 

( 130 -) 

Methyl 

CHa— 

099 

3*03 


00 

Cl 

3 16 

3 56 

3-i8 

Ethyl 

CH,CHa— 

0 99 

3 19 

3 38« 

2 91 

366 

3 64 

3 ‘ 3 i 

Allyl 

CHj aiciig— 

X 20 

. 


, , 

.. .. 

, , 

3*30 

n-l*iopyl 

Cn,CH,CHa— 

I 39 

. 

3 38 

2 98 

3 46 

, , 

, , 

Phenyl 

C,Ha- 

x-53 

3 73 

.. .. 

. , . 

390 

3 59 

3 00 


Werner^®® considered that length of chain had no influence 
on the dipole moments of amines, but this is not borne out by 
the above numbers. There is apparently no change between 
methylamine and ethylamine, but an increase seems to occur 
later in the series, so that the analogy envisaged by Werner 
between amines and alcohols is not complete. The resemblance 
between the methyl and ethyl compounds is also found in the 
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secondary and tertiary amines : the moments decrease in the 
order primary-vsecondary-^tertiary compounds.^®^ The nitro- 
group seems to show appreaable induction, as is evidenced by 
the increase in moment from nitromethane to nitrow-butane 
(/i = 3*29).^®® On the other hand, the moments in the series 
of alkyl nitrates are very nearly constant («-butyl nitrate has 
fi = 2-96), so Cowley and Partington^®® suggested that, if the 
valency angle of — 0 — is 90°, the NOj group in the nitrates lies 
with its dipole axis at right angles to the hydrocarbon chain, 
and its resolved inductive effect will be therefoie zero. Smyth 
and McAlpine'-®* find that the vapom: molecule of nitromethane 
has a dipole moment consistent with the tetrahedral carbon 
model. The value 3 *42, higher than appears in the above table, 
is found. 

Appreciable induction is seen in the series of cyanides’-®® and 
isothiocyanates,’®® but not of normal thiocyanates’®® (see table 
above) . Hunter and Partington deduce that the isothiocyanatc 
chain has a hnear structure, of the form C"*"— N" C'*' = S". 
Direct addition of the moments attributed to the three linkages 
in the order shown gives /tt = o*6 + 3-4 — 1*2 = 2'8, which is 
only sHghtly less than the observed moment of methyl 
isothiocyanate The normal thiocyanates are assigned another 
structure, with the -SCN dipole direction inclined at an angle 
of 120° to the C(hydrocarbon)-S link. 

Fogelberg and Williams’®® have studied binary liquid 
mixtures of amines, with a view to throwing light on the 
stereochemistry of 'nitrogen. The observations are consistent 
with the generally-accepted pyramidal model of the valency 
directions in ammonia (this Vol. : 42H). 

Hyponitrous is assigned the /r««s-structure, HO.N : 

N.OH. Nitroamine, NH2NOg, may have cither of the 
formulae 

/OH /OH 

HN : N<f or N'®~N<; 

\0 ~ \OH 

(G) Triglyceride Oils. Bless”® found the dipole moment 
of tung oil to be 2*29, and concluded -that clusters were present 
in the liquid similar to Stewart’s cybotactic groups. (Tung oil 
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consists of 80-85% of trielaeostearin and 15-20% triolein.) 
Stoops'^® found /* = 2*8 for tung oil, 3*0 for Unseei oil 
(trilinolin), 3 ’7 for castor ml (triricinolein) and 2*7 for tristearin. 
In the group of triglyceride oils, therefore, the dipole moments 
lie between about 2-5 and 3 ’5, and there is considerable inter- 
action between the dipole groups [e.g., OH) in neighbouring 
long chains. 


39. Dipole Moments of Cyclic Organic Compounds 

(A) Carbocyclic Division, (a) Grottp and Ltnk Moments. 
A certain measure of success has attended the treatment of 
dipole moments of groups within molecules as vectorially 
additive quantities, whereby the moments of molecules may be 
calculated and compared with experiment. It is convenient 
to discuss this in connection with cyclic compounds, since it is 
largely to these that the method has been applied. Some light 
has also been thrown on the angles between linkages in 
molecules. 

An extension, admittedly more doubtful, has been made in 
assigning moments to individual linkages in molecules. 
Although the empirical methods employed are sometimes 
reasonably effective in the calculation of molecular moments, 
the number of assumptions which it is necessary to make in 
deriving link moments tends to lessen the value of this pro- 
cedure. It is noteworthy, therefore, that Allard^* justifies the 
vectorial addition of link moments by wave mechanics. 

Considering group moments, Hojendahl®® pointed out tha 
since the dipole moment of an homologous series of compomids 
approaches constancy, each group may be assigned a 
characteristic moment which can be treated as a vector. In 
general, it has been found necessary to assign a different value 
for a given group, according as it takes part in a long chain or 
benzene ring compound. In the latter case, the benzene ring 
is assumed to make zero contribution, and the assignment to an 
aromatic group R may be taken as equal to the moment of the 
compound CjHjR. The following values are based upon 
estimates quoted by Sutton,®* Wolf^^® and Bruyne, Miss Davis 
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and Gross, the numbers given in brackets referring to chain 
(aliphatic) compounds, and those without brackets to benzene 
ring (aromatic) compounds : — CHj (o) +0-45 ; Cl (—2-15) 
-1-56 : Br (-2*21) —1-52 ; I (—2-13) —1-27 ; =0 (—1-29) 
— i-o6; CHjCl (—2*03) — 1-82; CHClg (-2-06) —2-03; 
CClj (— 1’57) —2-07; OH —17, CHO — 2'8; OCHj -1-2 ; 
COOH -0-9; COCHg (—279) — 2-97; CO (—276) -3-04; 
CN (-3*46) -3*90; NC -3-6; NO j (-3-05) -3-94; NHg 
(+1-23) +I- 55 - Amongst these groups, CH* and NHg are 
reckoned positively, all the others negatively. Sutton^^® 
pointed out that the difference between fx (aromatic) and (x 
(aliphatic) is positive in sign for CHg, NH2, : O, Cl, Br, I and 
CHaCl, which are known to favour ortho- and para-substitution 
in di-derivatives. These groups, therefore, are held to cause 
electron shifts away from them towards the benzene ring. 
Other groups, CClj, COCHg, CO, CN and NOg, give negative 
values of the above-named difference, and are meta-directmg 
in di-derivatives, indicating an electron shift towards the groups 
away from the beixzene ring. Thus considerable light is shown 
on the inductive influences of groups upon the benzene 
ring by comparison with their behaviour in aliphatic 
compoimds. 

The suggestion that the extension might be made to linkages 
was due to Eucken and Meyer.i“ Apart from difficulties 
inherent in the underlying assumptions (mentioned above), it 
appe^ that it may be necessary to assign somewhat different 
contributions to l inks according as one or other of the atoms 
concerned in forming a link are singly, doubly or trebly linVftH 
to other atoms. Although Smyth and Domte^^® thought that 
no moment need be attached to the double bond in ethylene, 
others, notably Allard'’*® and Wilson and Wenzhe,'** have 
found it necessa^ to make allowance for the presence of 
unsaturation. Since, however, the method is at best no more 
than an empirical approximation, these corrections need not 
concern us deeply. Instead, it will be convenient to quote the 
following assigned link moments (taken mainly from Eucken 
and Meyer'w and Malone'**) : C-C = 0 ; C -0 (ketones) 2-3 ; 
0-0 (ethers) 07 ; 0 -H (0-4) 0 ; C-Cl 1-56 ; O-Br 1*49 ; O-I 
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1-30 ; O-No-6; C-Mc 0-4 ; H-O i-6, 1-32 ; H S o-()j ; 
M&-Si-4o; li:t-Si-57; l>Ii S 2-24 ; II- Cl 1-03; H Ar 07is ; 
H-I 0-38, H-N 1-04; H- 1> (i^O; II As o-ro. To Ihost* 
may now be .'uldecl the oslimaU'd H !<' i-58.>2s 
An example of I^ucken an<l Meyer’s procedure is as follows. 
The molecule of methyl alcohol CIlaOH is assumed heal al the 
oxygen atom, the OH group tuakiug an angle of no" with (he 
OCH3 line. We have thei elore to add vectorially (a) a luoim'iit 
of 1-6, associated with O-II. and (h) (he nuun'eid due (o (lu* 
remainder of the molecule (O C) -j- ((' Me) 07 | o-.j 
i-i. (a) and (b) being set at i lo’ , (he angU> of t he 1 lOH molecule. 
We can add the.se vectors by the fonmda /*« | 

/Al,® - 2g„g,,cosft, or, more simply perhaps, diaw two lim-s ol 
lengths i‘6 and i -r ineliiusl at no , complete tlu“ i>arallelogram, 
and measxire the diagonal resuUunt. In lhi.s way, is 
obtained for the linal moment, as compared with ex’peritueid 

1- 68. Clo.se agreement between tiu'ory and <*xperimen( was 
also obtained for certain di-tleriva(ives of benj!em>. In other 
cases to which the method has bwn applieil, tlu‘ agiremeul is 
not so good. For exampl<>. ;'alm>®< found that cahmlation gave 

2- 28 for c/i/e«rft’, as against the experimental re.sul( 2*()K. 

A general summary of applications of dipoh* tn()nu‘nts lo 

chemical problems has been giv(*n by I)o^>y<^***^ 


^ (b) Subsiiiulcd Denvalives of Mcihane. Two e(iual momnits 
/A inchncd at an angle 0 combine to give a nsidlnnl alfuig tlu' 
bisector of the angle /a /aV-2(i I- eosfl) cap. ,XIV 
Appendix : 0). This wa.s apjdicd by Hergmaim and at- 
workers®® to mMyleae chloride CHsCl,. ‘ The fwo C H v.U.rs 
of /A 0-4 .set at the ((draluslral angle imf combine, by tlu* 

Tru rtT-'"' I",'''"' ■'“•"“"■’■■I 

Jln ri ® fcsultant moment due to the 

I 'I'fking / a' (C l) 

Ibc angle betwt'en lh<> (Ts should be 0 given by loH 

.^rccwitliBcwilogua s measurement n.sing X-rays of 12 1 ' (>« "•» 
Hm^npson and Sntton-®® obtained 131 ' 3-. a nmre eo.tonlant 
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The angles in di-phenyl suhstUided methanes having r, 

NOa in para-positions to the CHa group are found as foil * 

The experimental moment of (CeH5)aCHa being 0*3, and I” 
(;^.-BrC6H4)aCHa 179, the moment due to the Br 
179 — 0-3 = 1-76. Taking the group moment of 
i*49, we have 176 = i'49V2(i + cos®), giving 6 = X'Z<'* 
similar calculation for the correspo nding nitro-c ompoii^^ i i ^ 
the expression 4’2g — 0-3 = 3-98v'2(i + cos®) again ^ ^ 

® = 120°, from which good agreement is obtained wi't” 
experimental angle 124° for CHaCla- , 

Three equal vectors /j,' acting along the edges of a tria^ .^ 
pyramid combine to give the resultant /* = ^ 

where ® is the angle between any pair of vectors (see cap- ^ • 
Appendix ; 7). Bergmann®* used this relation in conrx^^.’^'^*! 
with tri-substituted derivatives of methane CXY*- t + . 
measured moment of CHCls being taken as i'23, the 
of 3 Cl's is estimated as i’23 — 0-40 = 0-83, whence <> ' " 

i* 56 -v/ 3 (i + 2COS®), giving ® = 117°, in agreement "'^it lx 
Bewilogua’s measured 116 i 3°. Hampson and 
obtained 116° 16' 1 10°. The error in making these 
is thus considerable. 

The moment of tnphenylmethane (CjH5),CH is o-62, si.i’-C'l <•>£ 
tn^-nitrophenylmethane (CeH4NOj)8CH 3*23, whenco tlxo 
effective moment of the three nitro-groups may be talccil ix,« 
3-23 — 0-62 = 2-6 i .®® The angle between these group ?? 
then be estknated by means of 2-6i = 3‘98\/3(i + S3co.s0j>, 
where 3*98 is the group moment of NO2. This yiel^ ® x lf> **, 
in agreement with the CHCls angle. A similar calculcttion. 
applied to iriphenylcMorniethane {CgHj)8CCl [n — i’93) givos 
the angle between the phenyl-group valency directions as 
® = 109°.^® The corresponding di-derivative lenzophcftono - 
cUovide (/* = 2-39) yidds ® = 106° between tlxe 

valency directions of the phenyls, whence it is condudecL tliJit 
CjHj and Cl have approximately equal space requirements. 


(c) Compounds containing One Benzene Ring, (j) Benzc^-iet aii-^ 
its Monoderivatives. In spite of early suggestions that b&'nzeft-^ 
possesses a finite dipole moment, the results of more arocerxt 
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investigations show the moment to be zero/®’’^®®’^*® in accor- 
dance with anticipation for a S3mimetrical structure. Accepting 
this, the group moments in aromatic compounds are often 
taken as equal to those of the mono-substituted benzene 
derivatives containing the group in question. ToVuen^^’* has a 
small moment, about 0’4, apparently attributable to induction 
influences by the methyl group. Recent measurements^®* on 
chlorobenzene, nitrobenzene and phenyl cyanide have yielded the 
moments I’bg, 4*23 and 4-39 respectively, values rather higher 
than have been previously reported. The moments of fluoro- 
benzene (1*45) and bromobenzene (i-49) appear rather less than 
that of chlorobenzene, whilst iodobenzene has the smallest 
moment in the group of compounds (1*30).*® The same 
progression has been noticed among methyl halides (this Vol. : 
38C) . Parts“® has studied the series benzyl chloride CgH jCH gCl, 
benzol chloride CjHjCHClg and benzoirichloride CgHgCClg, finding 
the moments I'Ss, 2*05 and 2'i5 respectively. These figures 
may be compared with CHgCl 1*85, CHgClg i'50 and CHClg 1*05, 
where the sequence decreases within creasing number of Cl 
atoms. The relationships between the two sets of compounds 
do not appear to be very clear. Parts finds that benzyl 
chloride has an approximately tetrahedral structure, whilst the 
di- and tri-chlorderivatives have valency angles smaller than 
the tetrahedral requirement, the deviation being attributed to 
the presence of the phenyl group. In other cases, replacement 
of H by CgHg may not affect the moment very much, as in the 
molecules methyl acetate CHgCOOCHg and benzyl acetate 
CHgCOOCHgCgHg, where the moments are found to be i-by and 
I *80 respectively.®* 

The moment of the nitroso group — N : 0 has been estimated 
as 3’i4, and is larger in aromatic than in aliphatic com- 
poimds.“^’^“’“® Sidgwick“* has investigated the structure of 
the azide group — Ng. Phenyl azide CjHgN g has a moment i *53, 
from which it appears that the azide group mometit is about 
1*5. Such a value was found to be compatible with ring 
structure for the group, but linear structure is indicated by the 
X-ray work on crystals, and ring structure is also excluded by 
arguments based on the heats of formation of organic azides. 
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It is finally concluded, that a “ resonance ” of 

R— N=NliN and R— N-«-N=N must be present- 

The infiuence of the solvent has been studied by in the 

case of chlorohenzene. Since very few measuremeiif^^ aare avail- 
able on vapours, and nearly all the results dep®^< 3 . on the 
solution method, a systematic study of this influep;^® taecomes 
important. It was found that considerable variati*^H existed, 
the largest moment being found in hexane, and least in 

carbon disulphide. Until the true nature of this i^flixence is 
discovered, many difficulties must remain in interpi'e'ting the 
results of experiment. The uncertainty in assignme*^'fc of dipole 
moments to organic molecules is often very considerable, and 
the development of the theoretical treatment is re'tajrcied (see 
this Vol. : 37D). 

(ii) Dirderivatives of Benzene. Some averaged results on di- 
substituted derivatives of benzene are given in Ta-tle XLIX. 
Although the numbers are usually given to two decirnaj. places, 
comparison between the results of different autlxors would 
indicate an uncertainty of at least j:o*i. Tb® assigned 
separate group moments are in columns headed Mx and /iy. 
These are mostly taken from measurements on mono-deri-vatives. 
Only cases where measurements are available on ortlio— , meta- 
and para-derivatives are recorded in the table. The two Ip-ading 
groups are : (a) where the moment of the ortho-compoimd is the 
greatest, and that of the para-compound the least (jxy cases) ; 
(b) where the moment of the para-compound is the greatest, and 
ttat of the ortho-compound the least (17 cases). There is also 
one case (c) where the meta-compound has the greatest moment 
(CJH4(NHa)a), and one case (d) in which that of the meta- 
compound is the least of the three (CeH4(N02)(0CH3)). The 
molecules m groups (a) and (b) are arranged m descendiiig order 
of moments of ortho-derivatives. The Roman No. references 
are to pages in the “ Table of Dipole Moments.''^® 

It becomes clear, on examination of Table XLIX, that for 
case (a) the moments contributed by the constitnent groups 
have the same sign (/^x and /^y either both positive or both 
negative) ; whilst, in case (b), the group contributions in the 
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Table XLIX — ^DIPOLE MOMENTS OF DI-SUBSTITUTED 
DERIVATIVES OF BENZENE 


Group 

X 

Y 

ortho 

meta 

para 

/Xy (-y) 

Reference 


NO, 

CN 

6 19 

3 78 

0 69 

—3 94 

—3 90 

Ixxu 


NOa 

NOj 

6 01 

3 75 

(032) 

—3 94 

—3 94 

Ixxii 


CHO 

CHO 

A 30 

2 86 

2 35 

“—a 8 

—2 8 

1£ 


NO, 

Br 

409 

3 39 

245 

—3 94 

—X 52 

1-VT1T 


NO, 

Cl 

A 08 

3 27 

2 34 

—3 94 

—1 56 

IXTVUl, IXXIZ 


NO, 

CH,C 1 

4*00* 

3 80* 

3 56 

—3 94 

— 1 82 

134, Ixzix, Ixxx 


NO, 

I 

3 79 

3 33 

2 84 

—3 94 

— I 27 

bras 


Cl 

CH,C 1 

a 31* 

2 06 

I 71 

—1 56 

— X 82 

xxTii, xxxm 

(a) 

Cl 

Cl 

2 35 

1 ^ 

(0 26) 

—X 56 

—I 56 

XZZl 


Cl 

Bi 

2 25 

X 36 

0*04 

—X 56 

—X 52 

yTTH 


] 3 i 

lii 

2 00 

X‘50 

( 0 - 25 ) 

—X 52 

— X‘32 

XZXl 


Ur 

I 

z 80 

I 14 

049 

—1 52 

X 27 

xxxu 


CH, 

OCOCH, 

1 78 

X 64 

158 

+0 45 

—13 

111, 137 


Cl 

CSCH 

I 68 

138 

0 96 

—1 56 

— 0 56 

135 


I 

I 

I 67 

x*a7 

(0 27) 

— X 27 

X 27 

3CXX1 


NH, 

CH, 

z 60 

x*46 

131 

4*x 55 

+0 43 

1X1 


CH, 

CH, 

0 54 

0 39 

0 

+0 45 

+0 45 

XVUl 


NO, 

NH, 

4 35 

483 

6x 



Ixxu 


CN 

CH, 

3 79 

419 

4 37 


KS9 

1X1 


NO, 

CH, 

3 66 

417 

443 

—394 

+0 45 

Ixix, Ixx 


NC 

CH, 

3 35 

3 96 

4 75 

-36 

+0 45 

136, 1X1 


NO, 

OH 

3 10 

390 

503 

—3 94 

+1 7 

Ixix 


NH, 

Cl 

X 81 

2 68 

295 

+155 

—I 56 

Ixxvi 


Nil, 

Br 

I 17 

2 65 

293 

+1 55 

—I -52 

Ixxvi 


COOCH, 

CH, 

i*6o 

I 92 

2 05 

—1 9 

'Iro 45 

137 

(b) 

Br 

CH, 

I 44 

I 75 

I 94 

—1 52 

+0 45 

XXV 


OH 

CH, 

I 44 

1-58 

X 62 

4-x 7 

+0 45 

xlu,xliii 


Cl 

CH, 

I 39 

I ’So 

1 92 

—I 36 

+045 

XXV 


Cl 

OH 

1 37 

2 X4 

2 25 

—1 36 

+i 7 

137, Ixv 


OC,H, 

OC,H, 

1 37 

1*70 

I 75 

+13 

+1*3 

lii,lui 


OCH, 

OCH, 

X 31 

159 

x68 

+i 2 

-fi a 

li 


I 

CH, 

X 21 

1-58 

i»7i 

— 1 27 

+0-45 

XXV 


OCH, 

CH, 

X 0 

I ‘17 

Z 20 

+ X 2 

+0*45 

xliv 


COOCH, 

NH, 

I 0 

24 

33 

—1 9 

+i 55 

Ixx 

(c) 

NH, 

NH, 

1-45 

I 80 

1-52 

+1 55 

+i 55 

Ixu 

(d) 

NO, 

OCH, 

4 83 

386 

478 

—3 94 

— I a 

Ixx, 138 


* Fi«e loUtion huidered. 


majority of cases have opposite signs. The results are then in 
general accordance ■with anticipation, for in the para-compounds 
where the group contributions are like in sign, the resultant 
moment will be given by thar difference, and hence we may 
expect the para-compounds to have the smallest moment of the 
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three (case (a) ), whilst if the group contributions are of opposite 
sign, the effect will be additive in para-compounds, so that these 
may be expected to have the largest resultant (case (b) ). 

These considerations were originally applied in fixing the 
signs of the group moments. It only becomes necessary to fix 
the sign of one group ; others may be obtained from this by 
consideration of the appropriate para-compounds. We may 
commence with NO 9, which has been assigned the structure 

— Q : it then appears that the positive end of the dipole 

must be towards the N atom, since the 0 atom of the semi- 
polar double bond has received negative charge in acting as a 
Sidgwick “ acceptor.” The negative sign given to the NOj 
group moment (— 3-94) then indicates that the negative end of 
the dipole points away from the benzene ring. In order that 
the group moments shall reinforce each other in para-nitraniline, 
it follows that the negative end of the NHj dipole must be 
nearest to the ring, so that this group moment is labelled 
positively (-|-i’ 55 )» aiid so on in other cases. It may be added 
that if para-dinitxobenzene has zero moment, the moment of 
the NOj group must act along the line bisecting the angle 
between the N -0 valency directions, and that therefore the 
group must really be symmetrical, and cannot contain one semi- 
polar and one double bond as shown above. It may therefore 

be written — . This does not, of course, affect the 

argument by which the sign of the group was derived. 

In general, it is found that for a normal covalency between 
two atoms, the negative pole lies towards the atom in the 
higher periodic group, as in the cases H+-C1-, C+-Br~, C+- 0 ~ 
and N+-0-. Sidgwick has suggested the designation H-|-»-Cl, 
wh«:e the crossed end of the arrow denotes the location of 
positive charge. 

Attempts have been made to place the results upon a quan- 
titative basis. Thomson^*® assumed the moment of the benzene 
ring to be zero, and that the angles between the directions of 
the group moments were 60®, 120® and 180° in ortho-, meta- 
and para-compounds respectivdy. If, then, the group con- 
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tributions may be treated as vectors, the resultants can be 
calculated from the parallelogram of moments, naing the 
relation c® = a* + — 2a6cosC derived in the trigonometrical 

solution of triangles {a, b. c sides, angle C opposite to side c) 
In the following, for convenience, nx J^y are replaced by x 
and y respectively. The resultant moments are then as shown 
in the series of equations (ii) : 


Oyiko- j I 4- — 2*ycos(i8o — 6o) = x* + y* + xy "] 

Meta- = «* + ys — 2*3/003(180 — 120) =s x‘ -{■ y^ — xy [• ; 
Para- \ I *• + y* — 2*ycoso = y« _ 2 xy I 


(V^’ + y* + J»y 1 

f 


It is further observed that for equal substituent groups {x —y), 
the /i's reduce to * and 0 for the three cases respectively. 
Account must be taken of sign in making the substitutions. 
Thus Kerr“° pointed out that, in the case of the chlorotoluenes, 
if X for CH sis taken positively,,)/ for Cl must be taken negatively. 
Allowance for sign is made in Table XLIX. 

Comparison between calculation and experiment for three 
examples of each of cases (a) and (b) is made in the following 
scheme : 



Cl-Cl 


CHrCH, 

a-CH, 

NOtf-CH, 

NOr-NH, 

OrthO ' 

Afeta - 

Para - 

PmBDI 

1-63 1 60 

I 19 146 

0 90 1 31 

0 78 0*54 

0 15 0*39 

0 0 

1*39 1 39 

I 83 I 80 
s oz I 92 

3 74 3 66 

4 18 4 17 

4 39 4 t 2 

3 44 4-35 

4 90 4 83 

5 49 61 


calr obs 

cdlc obs 

calc, obs 

calc obs 

calc obs. 

calc obs 


COSO (a) 

case (b) 


It is observed that calculation places the moments in the right 
order in the two cases (a) and (b) examined. On the other hand, 
the agreement is not always as good as might be expected, but 
it may be remembered that the measured values are subject 
to considerable errors of the order ±0’i unit. 
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Deviations which cannot be attributed to experimental 
uncertainty have been accounted for as due to either (i) inter- 
action between substituent groups, in which is included 
inductive effects upon each other and upon the benzene ring, 
or (ii) deviations from the angles 6o°, 120® and 180° between 
the vector moments. Cause (i) has been specially applied to 
ortho-compounds, and (ii) to para-compounds, though in 
general the two cannot be sharply separated. 

When both substituent groups make contributions of the 
same sign, repulsion between them may cause the angles in the 
ortho- and meta- positions to be greater than 60° and 120® 
respectively, and smaller moments may be observed than are 
given by calculation (compare the dichlovotohmies in the above 
scheme). Conversely, when the signs are opposite, attraction 
may lower the experimental moments as compared with 
calculation. This appears m the case of orthonitroaniUne (last 
column of above scheme). Even in the para-position, 
attractions between the groups may cause the observed 
moments to exceed those found theoretically.^" 

Stuart^*® found that the varying heats of combustion of 
isomeric benzene derivatives yielded evidence of “ internal 
molecular potential,” associated with attractions and repulsions 
between substituent groups, partly resulting from interaction 
of dipoles and partly from polarization of the benzene ring by 
the substituents. Smallwood and Herzfeld^*® attempted to 
take account of inductive effects. The results were concordant 
only where the dipoles may be assumed to be situated at the 
circumferences of the C atoms of the benzene ring, that is, at 
the conventional valency bonds. 

The large contribution to molecular moments made by nitro- 
groups has beai associated with ” semi-polar ” structure, 
represented by O =N'''- 0 ", where the nitrogen atom has 
given up an dectron to one oxygen atom. Similarly, the 
nitroso-group — N+— 0 " makes a large contribution. The 
moment of nityo$oimzene has been estimated as 3 -22^" and 
3.14.145 Paramtrosom^thylanihne, NHCHgCeHtNO, has a 
moment of 7*38, apparently the largest value so far recorded 
for any organic compound.^® Paranitrosophenol, OHCjH^NO, 
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has a higher moment (472) than the additive moments of the 
ring substituents, from which it appears that the nitroso-group 
has the capacity of promoting the polarization of the molecule 
us a whole.^®^ 

Bergmann, Engel and Sandor“*’“’ have tested the applica- 
bility of the equations (ii) in a large number of cases. Generally 
satisfactory results are obtained when the groups are taken 
from the list Cl, Br, I, CH„ NOg, except for ortho-compounds, 
where distortion is assumed, and the angle 6 calculated from the 
formula 

fi = + y® — 2xycos(i8o — 6) (12) 


(i being the observed moment. The following values were 
obtained- NOg-CHgeo^, Cl-CHgeo®: NOg-NOg79°; Cl-Cl 
86“ : Cl-NOg 97“ ; Br-Br 101“ ; CH-CHa 103“ ; I-I 104° ; 
13 r-l io6“. The effect of repulsion between like groups in 
ortho-compounds is clearly observed. In other cases, where 
the groups OH, OR, CHO, COR, COOH, COOR are present, 
deviations Irom the demands of equation (ii) may be expected 
on the ground that the groups are " bent,” so that the -vmlency 
direction to the ring carbon does not coincide with the direction 
of the resultant group moment. Wolf^® assumed the angle 
110° for the OCHg group. Where these groups are present, 
zero moment will not be expected for the S3rmmetrical para- 
compounds RCeHgR, as is found in the following cases: 
K- OCHg 1-8; OCgHg 17; CHO 2-35; COOCHa 2-2 j 
COOCgHg 2*3. Bergmann termed such groups as “ irregular, 
ns distinct from those in which the moment vector lies along 
the valency direction to the ring carbon atom. Compounds of 
the type XCgHiY, where X is irregular and Y regular, were 
considered. If the angle between the moment of X and the 
valency direction is e, we have 

fj, = .y/iesTiPy^^^^^i^cose (13) 


Using the case of parachlorophenol, (m = 2*4, x — X'J.y 

the angle e for the OH group was found to be 83° 25 • From 

other corresponding compounj. the J® 

derived: OCH3 67° 25'; CHO 141 ; COOH 114 5 ° , 
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COOCH3 180". Otlier angles detcnnined by this mot hod are ; 
NHa ; NCS ; OH ; OCIlj ()(»'’'*« ; 

8o*±ioi" ; CHjCl ; OOCHj 5o‘'“» Wolf>«« finds that 

angle estimations by Bergmann's method may bo lial)l<‘ to 
errors as great as 10®^. Bennett and Glasstone'®*^ Iiold tha t an 
additional moment operates along the axis of th<‘ benzene 
nucleus, rendering the method of calculation of valency angles 
inaccurate, 'flie suggestion that departure from linearity of 
compounds of the phenol and anisole types might account for 
deviations between calculation and experiment was made by 
Williams^®* and Hojcndahl.®® 

According to Sidgwick and collabonitors,*®’ the C'N an<l N('. 
groups have oppositely directed moments. Poltz,’*® on the 
other hand, holds that the moments are in the .sanu^ direction. 
Reference to Table XLIX seems to supjxjrt the latter vi(‘w, 
since the moments of CN-CH* and NC-Cfl, di-derivativc-s bot h 
increase in the sense ortho — meta-- para (Group (b)). 

Fuchs^“ has proposed the general fonnula 

ft -= V*® + y* + 2fl^0.SaC0S^C0Sy (l.{) 

where a, ^ are the angles of inclination of the substituent gr(»tip 
moments to the valency directions, and y is the angle between 
the valency directions (60° for ortho-, 120" for meta-, and 180" 
for para-compounds). The equation reduces to the standard 
forms of equation (ii) for the case a ■ p 0. Donle»»» has 
applied the formula to the isomcrides of methyl toluate, 
CHsCeHtCOOCH,, and benxoyloresyletlutr, CH,C,H*()r()CH9, 
with satisfactory results (moments in Table XLIX). 

It appears that three leading causes of dilTerence iHttwtxm 
calculation and experiment for the moments of benzene di- 
derivatives may arise. Each of them involve distortion from 
the requirements of the perfect symmetry of the unsubstituted 
benzene ring : (i) repulsion between like directed moments, and 
attraction between oppositely-directed moments ; (ii) 
" natural " valency inclinations, as of the oxygen and nitrogen 
atoms; (iii) "space-filling" requirements, whereby large 
^oups may cause displacement of their neighbours, c‘spccially 
in ortho-compounds. Ltitgert^*® has attributed deviations 

364 



xm 39Acii] dipole moments op cyclic oeganic compounds 

between theory and experiment in the ortho-hahgennitro-^- 
derivatives to (iii). It is clear that all these interfering 
influences are likely to be most operative in ortho-compounds, 
where the substituents approach each other most closely. 

The rotation of groups, whether hindered by interaction or 
otherwise, has also been taken into accoimt in connection with 
the moments of di-derivatives of benzene. Thus Eucken and 
Meyer^“ early calculated the moments of the ci$- and trans- 
positions of hydroquinone diethylether, which may be depicted 
as follows : 

/ 

O— C,Hf— O O— C,H«— O 

/ \ / 

C2H5 C2M5 C2H5 

(cis-position) (/raws-position) 

The moments were found to be 1-9 and o for the m- and trans- 
positions respectively, assuming the oxygen valency angle to 
be 110°, which more recent work has indicated to be too large. 
The observed moment is about 1*7. Werner“^ thought he had 
evidence of a temperature variation of moment for this com- 
pound, which would indicate hindrance of free rotation due to 
interaction between the two ethoxy-groups, as in the case of 
ethylene dichloiide previously discussed. Subsequent work by 
Hassel and Naeshagen^®* and Kamerling and Sm37ty«® has not 
confirmed this observation. Further, Weissberger and 
S^gewald,'^" assuming free rotation of the groups, showed that 
the moment of hydroquimm dimethykther could be calculated 
from the moment of anisole, assuming an oxygen valency angle 
of 90®. The formula for the resultant of two moments inrtlinpd 
at an angle of 90® will be V2*. Insertmg the moments of 
anisole and phenetole as 1*16 and 1-28 respectively, we obtain 
the resultants 1-64 (expt. = 173) and i-8o (expt. = 172) for 
the dimethyl and diethyl ethers of hydroquinone. The group 
roiations are therefore unhindered. In other cases, hindered 
rotation is found for ortho- (and sometimes meta-) compounds. 
Fairbrother^*® has found that the moments of ortho- and meta- 
nitrohenzylchlorides, N02CeH4CHjCl, increase somewhat with 
temperature between 20® and 120®, mdicating hindrance of free 

365 



THE BINE STRUCTUBE OF MATTER [Xin SQACUi 

rotation. No variation with temperature was detected for the 
para-compound. Similar results have been recorded in the 
case of the chlorobmzylchlondes}^^ 

The moment of mononitrohydroqmwne diethylether can be 
calculated on the assumption that the nitro-group is in the plane 
of the ring to which it is attached, the acetyl group moments 
being at right angles to the plane. Taking the moment of the 
u nsubstituted diethylether as 17, the resultant will be /* = 
V3'9* + 17® = 4*3 (compare the experimental value 4'56).”* 

(iii) Higher Derivatives of Benzene. The moments of sym- 
metrical tri-derivatives of benzene have been given as follows : 
trichlorohenz&iu 1.3.5. CjHaCls 0’28 iribroniohenzene 1.3.5. 
CgHsBrs 0*28 mesiiylene 1.3.5. CgH8{CHj)8 0-07 ; trinitro- 
henzene 070.^®* It is possible that these small though definite 
moments may be accounted for by the attached groups not 
lying exactly in the plane of the benzene ring. According to 
Parts, ^®® the moment of the tri-nitro-compound is only of the 
order o-8 if atom polarization is absent. A more recent 
determination has yielded the smaller moment 0*41 ^®* The 
less symmetrical 1.2.4. tnchlorohenzme has the higher moment 
Lutgert^®® has calculated the angles between the sub- 
stituent groups for compounds of this t3^e. 

Amongst the tetra-substituted compounds, 1.2 .3. 5. letra- 
Morohenzene has a moment estimated to be less than 0*65.^®’ 
Brown and co-workers^®® have examined derivatives of 
mesitylene of the type CgHg(CH8)8X, with the following 
results : X = F 1-36 ; Cl i-53, Br i'52 ; 1 1-42, OH (mesitol), 
I -36. The measurements were made in benzene solution at 
30 “C. It is noteworthy that the moments increase in the sense 
F-»-Cl-»-Br->-I, and apparently only the mono-derivatives of 
methane and benzene have a lower moment for tlie F than for 
the Cl compounds. Taking the moment of fluorobenzeiic as 
I '46, the moments calculated for the substituted mesitylenes 
agree with calculation by the method of Smallwood and 
Herzfeld.1®® An exception was found in the case of the nitro- 
compound (X = NO 2), where the assigned moment is 3 ‘64. 

According to Tiganik,^®* the moments of hexamethylhe/nzene 
and hexacMoroibenzene are .sm,aJ]. though definite, e<jual to O’l 
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and 0*2 respectively. Further, tri-derivatives of mesitylene 
were found to have moments ; for Ce(CH8)8Xs, when X = Cl 
0-38; Br 0-35 ; NO a 079, It was found that these moments 
were additive : thus the sum of the values of C6H8(CH8), and 
CeH8X8 gave the moment of C8(CH8) 3X8 : for X = Cl, 0-28 + 
0-07 = 0*35 ; Br 0-28 + o-oy = 0-35 ; NOj 070 + o-oy = 
0‘79> agreeing closely with the experimental values shown 
above. Liitgert,”® however, finds that the moments of 
tribromo- and trinitro-mesitylene are zero, in opposition to the 
result of Tiganik. The moment of trihromotnnitromesitylene is 
also found to be zero, and it is suggested that such cases may 
be explained by the groups of different kinds being bent on 
opposite sides of the tenzenering, whilst tribromo- and trinitro- 
mesitylene have plane ring structures. It has not infrequently 
happened that small reported moments for apparently sym- 
metrical compounds have been subsequently found to be zero. 
In cases where a small moment is defimtely found in benzene 
solution, the possibility of compoimd formation with the solvent 
must not be overlooked : thus an rmsymmetrical formula has 
been assigned to a supposed compound between benzene and 
trinitrobenzene.^’^ 

(d) Diphenyl and related Cotnpoimds. The case of diphenyl 
(CeHgCjHB) and its 4.4' derivatives was discussed by Adkins, 
Steinbring and Pickering,”® Kuhn and Albrecht,”® and 
Williams.^®® Diphenyl has vanishingly small moment, in 
which respect it is unlike some of its symmetrically substituted 
di-derivatives (see below). It may be noted here that the 
model for diphenyl suggested by Kaufler,”® where the rings lie 
over each other in parallel planes, has not received any adequate 
support in more recent work (see, however, this Vol. : i4Ab). 
Tlie argument for a folded structure of benzidine (44' 
NHgCeHtCoHjNHa) rested upon a small, perhaps zero, moment 
for paraphenylene diamine (C6H4(NH2)8), since benzidine has 
definite moment (about x.3). Later work showed that para- 
phenylene diamine had finite moment (/* = i'52). so that this 
argument in favour of folded rings in diphenyl became 
invalidated ”® 

Induction in the benzeiie rings on substitution in diphenyl is 
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indicated by comparison with corresponding mono-derivatives 
of benzene. Thus amongst the mtrodiph&nyls, the ortho- and 
meta-compounds have lower, and the para-compound higher, 
moment than nitrobenzene.^” The ortho-compounds give the 
least good agreement between experiment and the vectorial 
addition of group moments. Further evidence of polarization 
of benzene nuclei has been obtained by the study of the 
moments of mono- and di-chloroiiphenyls.'^^ 

According to Bergmann and Engd,^™ m 6.6' diamino- 2 .z' 


NHj C H, 

ditol/vl / \ / 

^ \ / \ /’ 

CH, NH, 


substitution in the two 


ortho-positions m each benzene ring causes hindrance of free 
rotation, the rings being turned about the central connecting 
link through an angle of 67®. The compound exhibits optical 
activity. In 4.4' dicyanodiphenyl (CNCeH4CjH4CN), wlicrc a 
moment of i’i4 has been recorded, it may be supposed tliat CN 
is an " irregular ” group, the direction of the C-N linkages 
being inclined at an angle to the direction of the C(of CN)-ring 
linkages.^’® 

The moments of mono-chlorodiphenyls have been determined 
as follows : — 




II n = 179 



III. /* = i'53 


The para-substituted compound (III) has about the same 
moment as chlorobenzene, suggesting that the diphenyl link 
makes zero contribution, as in diphenyl itself. However, when 
the C-Cl group moment is taken as 1-55, it is impossible to 
reproduce the experimental values for compounds I and II 
unless the central link has a moment with the negative end 
towards the substituted ring. It is possible, of course, that the 
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C-Cl link makes different contributions according to its 
position. 

Difi&culties also arise with the di-chloroiiphenyls shown 
below : — 



a ~ 

V. jit=i-68 VI. /t = o 


The compound VI has zero moment, in accordance with antici- 
pation, but calculation for compounds IV and V mdicate that 
they should have the same moment, equal to i-qz ; actually, 
neither of them attains this value, and the moment of IV is 
greater than that of V. It appears that the variations must be 
attributed to polarization effects, which are as yet imperfectly 
understood. 

Cases where atoms or groups intervene between the two 
rings in diphenyl arc next considered. The moment of 
diphenyl ether (CgH5)aO has been found to be 1-05,^®® and of 
diphenyl sulphide (CeHj)aS i'47,“* and these are associated with 
the natural inclination of the O and S valency directions. The 
0 angle 6 in diphenyl ether has been calculated as follows : — 


From (CJHsBr), A‘(C-H) -f h{C-Bt) =- 1-50 (a) 

(C,H5)aO, 2[/*(C-H) -I- /i(C-0)lcosfl/2 ^ 1-05 (b) 

(;^BrC*H4) aO, 2[jtt(C-Br) — /t(C-O)Jcos0/2 = o*6 (c) 

whence, adding (b) and (c) and substituting (a), 3’OOcosfl/2= 
I '65, giving 6 = 113®, is obtained. A similar calculation gave 
= 142° for diphenyl sulphide. Hampson, Farmer and 
Sutton^® have calculated the angles between the oxygen 
valency directions, using the method of Hampson and Sutton,^** 
in the following cases : diphenylmethane 115®, diphenyl ether 
142®, anisolc 150®, phenol 137®, dimethyl ether 147®, and 
water 134®. The S angle in diphenylsulphide is found to be 
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Ii8®. The estimates for ethers are generally higher, and for 
sulphides lower than those previously found. 

Hydrazobenzem, CjHsNHNHC^Hj, is assigned the moment 
1 . 53 -^“ This points to a cis-configuration, in opposition to views 
expressed by Bergmann and co-workers.i®^ Benzophenone, 
CjHgCOCeHs, has a large moment, given as 3.131®® and 
2.95.“® In the substituted diphenylacelylenes : CXg, 

the angle between the X groups increases with greater 
space requirements of the substituents : X = NOa 96“, Cl iio“, 
Br 1 14®, whilst the moments correspondingly decrease : 5*49, 
1*79, 1 •62.“® Deviations from tetrahedral S3nnmetry of the C 
valencies are a measure in such cases of the space requirements 
of the substituent groups. Diani^lmetham (CHaOCgHi) gCHg, 
dianisylketone and diani^Uhioketme 

(CH30CeH4)aCS have the moments i'6i, 3*90 and 4.44 
respectively. In general, aromatic ketones and thioketones 
have higher moments than corresponding aliphatic com- 
pounds.i®® The moments of stereoisomeric stilbene dicMondes, 
CeHgCHClCHClCeHg, indicate that free rotation is hindered 
about the centr^ C-C linkage, as in the case of ethylene 
dichloride previously discussed.i®i The meso- form of hydro- 
benzoin, CgHgCHOHCHOHCgHg, has the moment 2*06, whilst 
the racemic mixture form has the higher moment 2'67.i®® On 
the other hand, the dextro and racemic forms of dimethyl 
tartrate have essentially the same moments (2*93 and 2-92 
respectively).!®* Observations on certain aromatic compounds 
of the oxime type are in agreement with the theory of their 
geometrical isomerism. The syn- and anti-N .-meth/yUthers of 
paranitrobenzophenone oxirm have the moments shown below 
their formulae : — 





Ck-N-OH, 
syn-fona /i«6*6o 




CHa— N->0 
aw/i-form i’ 09 


It is observed that where the N 0 links, which tend to confer 
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moment to the molecule, are on the same side the moment is 
much greater than where their effects partly compensate each 
other. Parsons and Porter^®* have studied six oximas of 
nionochlorobmzopJienoue (three pairs of cts- and imns-isomers). 
'I'he two ortho-compounds have equal moments : the higtipr 
molting meta- and para- compounds have lower moments. It 
Is sometimes possible to assign configurations {syn- or anti-) to 
o-vimes on the basis of dipole moment measurements.^®* The 
early work on the cis- and <ra»s-dichloroethylenes may be 
recalled in this coimection (this Vol. : 38C). 

(e) Naphthalene and its Derivatives, The dipole moment of 
naphthaUne, CioHs, containing two “ condensed ” benzene 
rings has been shown by Parts^®* to be zero. This has been 
confirmed by Puchalik,^®’' who found that the Maxwell relation 
e y* was obeyed. The naphthalene molecule may therefore 
be considered to be symmetrical and planar. 

Parts^®* investigated mono-halogen substituted derivatives of 
naphthalene, and found that the a-derivatives had lower 
moments than the jS-derivatives. The same was shown to be 
true for a- and ^-naphthols.’’ ^ The general conclusion has been 
drawn that different group moments must be assigned to the 
two positions, the group moment in o-compounds being that 
expected for aromatic substitution, whilst that in )8-compounds 
corresponds more closely to aliphatic substitution. It may be 
added that 13 r and Cl substitution gives rise to the same 
moments, the same being true of F and I : o-F and o-1, 1*42 ; 
/J-F, )S-1, 1-56 ; o-Cl, o-Br, i* 59 ; i^-Cl, jS-Br, 172. 

The di-chhronaphthaUnes have been studied experimentally 
and theoretically by Weissberger and co-workers.“® It is 
IKiinted out that in the case of the naphthalene nucleus, unlike 
that of diphenyl, an advantage arises, in that the benzene 
residues are held togetlier and cannot rotate relativdy to each 
other. Measurements were made on seven of the ten possible 
isomers, with rc.sults as given below. The numbers in brackets 
are calculated, on the assumptions that a-Cl and ^-Cl have the 
respective group moments found by Parts of i ‘59 
and dial the valency directions are inclined at 60®, 120 “or 180°. 
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Cl 

/\/\a 

\/\J 


1. fl 2-44 (2-87) 


GGl 

H. I 85 (i-66) 


a 

/\/\ 


/ 

Cl 

0-50 (o) 





in 


yU d\XJ YY 

TV. 0-0 (0) V. o-i (o) VI 2-88 {3-18) VII. 1-52 (t-ya) 

111 compounds I and VI, the calculated values are greater than 
those observed. This may be associated with the " ortho- 
cCfect ” previously noted in connection with benzene di- 
derivatives. rhe calculated values for II and III, however, lie 
b(*low the observed values, an effect which is only noticed where 
both .substituents are in the same ring. It may be accounted 
for by a shift of electrons towards the substituted ring, 
equivalent to a small component of polarization moment in the 
direction shown by the arrows in the above figures. Assuming 
1 hut this polarization moment is of the order 0*2, the calculated 
value.s become (II) 1*83, (III) 0-40, giving good agreement with 
experiment. This point of view finds support in the observation 
that when the substituents are symmetrically placed in different 
rings, as in IV and V, the group moment is vanishingly small, 
the polarizing effects of the two Cl’s just neutralizing each 
other. In compound VII, which has no centre of symmetry, 
we shall expect resultant moment, in agreement with experi- 
ment. The calculated value is too large, but agreement may 
be obtained by combining two aromatic group moments 
inclined at 120®. It does not appear clear, however, why the 
aliphatic group moment used for the 8-positions will not bring 
about coincidence with experiment, but at least the absence of 
polarization between the rings when the substituents are in 
different benzene residues seems confirmed. An attempt is 
made by the authors to extend these considerations to 
anomalies in the group of dichlorodiphenyls noticed above. 
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On account of inductive influences by the NO 2 group in the 
naphthalene nucleus, measurements of dipole moments in 
molten naphthalene may yield smaller values for nitro-com- 
pounds than when the same compounds are dissolved in 
benzene.^*® It appears that molecular compounds are formed, 
for example, between dimtrobenzene and naphthalene. 
Induction effects are thus generally larger in naphthalene, other 
things being equal, than in benzene. 

(f) Organo-metalUc Compounds. A list of determinations on 
those compounds is given at the end of the “ Table of Dipole 
Moments.”*® Early work was done by Bergmann and 
Schiitz.^® Mercury diphenyl, Ci2HioHg, has been shown by 
Humpson®*® to have a small, but probably real, moment of 
about 0‘5 in decalin solution It is suggested that the Hg-C 
link is flexible, having an angle of swing about a mean position. 
Consideration of para-substituted derivatives, in which the 
moments are greater than that of mercury diphenyl itself, 
suggests that the Hg-C link constitutes a small dipole, with the 
negative pole towards the Hg atom. This is contrary to the 
general rule that with a normal covalency between two atoms 
the negative pole is towards the atom in the higher periodic 
group (see 39Ac(ii) above), but Hampson holds that since this 
1 ule is derived for atoms with completed quantum groups, it 
would not be surprising if it did not apply for di-covalent Hg 
with only 4 electrons in its outer quantum shared group. 

(g) Other Ring Systems. The dipole moments of cych'c i : i 
dicarhoxyUc esters have been determined by Farmer and 
Wallis®®’ as follows : — 


CHa^^^COOC8H5 

^CH,^^COOC,H, 

1 ^ 

CH, C 

CH.'^^COOC.H, 

'^CH.'^COOC.H, 

jX 2*40 

fl = 2*22 

CHf-CII ^COOCaHft 

^CH,— CH.^^COOC,H, 

C 

CHj C 

^CHi-CH./'^COOC.H, 

OH,— ^COOCjH, 

fX wm 2-14 

fi . 2-23 
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The compound with the five-membered ring has the lowest 
dipole moment in the series. The authors hold that the results 
are not in accordance with the external valency angles for rings 
of different sizes put forward by Beesley, Ingold and Thorpe, 
the moments for 3-, 4- and 5-membered rings changing in the 
sense opposite to that predicted by the theory. 

Cyclohexane has zero moment, as anticipated from the 
.symmetrical ring structure (CHa)*.^ With cyclohexanol 
(CHa)6CHOH, the asymmetry caused by OH substitution, 
gives a moment of i.6g.*°* Other derivatives of cyclohexane 
have been examined.^® 

The moments of a number of ring compounds containing the 
CO and CHOH groups, menthone (I), 1*0-204 menthol (II),®*® 
camphof horneol (IV),®®® fenchone (V),i®®’®o® 

fiuorenone (VI)“® and z-nitrofiuorenone (VII)®®* have been 
examined. It appears that the moment of CO in a five- 
membered ring differs somewhat from that in other ketones.®** 


CHj— CO 

/ \ 

CH,CH CHCH(CHj), 

\ / 

CHf-CH, 

I. /i = 2-82 


CHa— CHOH 

/ \ 

CHjCH CHCH(CH3)a 

\ / 

CHg— CHj 

II jLc =s 1 *54 


CHa— CH CHjj 

1 

C(CH,), 

'CHa-C(CH,)- 4:0 
in ja = 8-94 


CHj— CH CH, 

C(CH,), 


CH*— CH- 

I 

CH, 


:(CH,), 


CHf-C(CHs)— CHOH CH,r-C(CH,)— CO 

IV. jLt=i 56 V. jLc = 2-91 




VI. fi= 


VII. /4 = 5-44 


The reduction of moment in replacing CO by CHOH is seen in 
the change from I to II, and from III to IV. The isomers III 
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aiul V do not differ very greatly in moment. The alcohols II 
and IV have similar moments, which are of the same order as 
tho.sc of aliphatic alcohols, so it appears that the ring system 
has no measurable influence on moment.*®* In VI and VII, it 
is found that of the five-carbon ring valencies that of the 
tliphenyl linkage (marked a) is the weakest.^® Induction 
effects do not apparently play a large part in these ring systems. 

Fluorene (VIII). and its substituted compounds, g-chloro- 
flmrenc (IX), g-dichlorofiuorene (X) and z.y-dtbromofluorene 
(XI) have been examined by Bergmann, Engel and Hoffmann,*®* 
with the following results : — 



vm. /i = o 



CHCl 

IX. 11=1-76 



X. ft = 1*85 



The zero moment of fluorene (VIII) suggests a planar structme. 
This si'cms confirmed by the zero moment of XI, where the mo 
('• Br valencies must be in a straight line so as to neutr 
each other. The moment of IX is half-way between the vdue 
for iiromatic (1-56) and aliphatic (i -96) C-Cl linages, suggestag 
a (VC'l linkage intermediate in character between the two 
types. If, now, in X we assume tetrahedral S3™etry ^r the 
tScctions of the two C-Cl valenci^. it is 
what group moment for C-Cl will yield the resifltmt 1-85 . 
this comes out to be i-6o, which is nearly equal to &e value 
S automatic C^l (x.56). Hen^ linkages m ^are 
nearer to the aromatic than the aliphatic types, an 
found to be borne out by the chemic^ aud 
of the compound. Reverting to 2-mtrofluorenone {VIT}. the 
suggests that the NO. and CO momatts tril 
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be perpendicular to each other, unless some deformation occurs. 
Taking the moments of VI and VII, and that of the NO3 group 
(3*98), the angle between the valencies is 86®, suggesting a very 
slight compression exerted by the substituent NO 3 so that the 
diphenyl rings are not strictly in linear axial relation in VII. 

Donle®°* has studied derivatives of di- and tri-cyclo- 
pentadiene prepared in 1932 by Alder and Stein. The molecules 
have a puckered structure, which leads to the existence of a- 
and j8-stereoisomerides. The tri-cyclopentadienes contain two 
double bonds, which may be saturated by hydrogen and 
bromine respectively. The resulting compounds exist in cts- 
and iraws-forms due to alteration in the relative positions of the 
Br atoms. Three dihydrotricyclopentadime dibromides {a-ds, 
^cis, p-trans) are represented by XII, whilst XIII depicts 
dihydrodicyclopentadiene as-dibromide. The observed and cal- 
culated moments are shown below the structures. 


CH, I CH 1 CH 
I CH, I CH, I CHBr 

CH, I CH I CH / 

\ch/\ch'^chb^^ 


^CH^^CH,, 
CH, 1 CH 

I CH, I 

CH, CH 
^CH^^ 


CHBr 

/ 


/ 


/ 


CHBr 



XII. 



XIII 


a-cis 

B-eis 

p-irans 

cts 

/A (obs.) 

3-20 

3-18 

T*92 

3-14 

fi (calc ) 

3.76 

3 76 

1-85 

3 76 


The calculated values are too high for the cis-, and about right 
for the inj!»s-compounds. The moments of the three cis- 
compounds are about equal, from 3 '14 to 3*20, and greater 
thzin the moment of the fr««s-compound (1*92), in accordance 
with expectation for geometrical isomerism. The complex ring 
S3rstems appear to exert little influence on the resultant 
moment. 


(B) Heterocyclic Division, (a) Compounds containvn^ 
Oxygen or Sulphur. Dimethyl y^rone (R = CHg in I), 
dimethylthio y-pyrone (R = CH, in II) and diphenyl y-pyrone 
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(R = C,Hb in I) have been examined by Hunter and Parting- 
ton.*®’ Thianthrene (IV) was investigated by Walls and* 
Smyth*®* and by Bennett and Glasstone.*®* Results are given 
below. 


CH-=CR 

CH=CR 

> 

CH=CR 

OC^ 

CH=CR 

I. 

II. 

R = CHa 

R = CHa 

H = 4-05 

ft = 5*05 

CaHj 

fl ■= 3-8a 



- ^CH-CR^ + /\/ \ /\ 
OC O ' 

\ / 

CH=CR 


X/Xg/X/ 


III 


IV. 


fi = 1-50 (1-41) 


On account of the circumstance that the moments of the 
y-pyrones cannot be reproduced from the additive group 
moments of -O- and =CO, a polar formula of Type III has 
been proposed.*®’ The moment of IV indicated that the two 
benzene rings are not in one plane, but are inchned about the 
line joining the two S atoms.*®* The moment given by Bennett 
and Glasstone is adopted, the measurements being made in 
CSa and CCI4 solution. 


(b) Compounds contavfivn^ Nitrogen. The following cases are 
selected for consideration : Pyrrole (I),*^® pyridine (II) ,**^ 
piperidine (III),®^^ a-ptcohne (I^,**^ p-picoline (V),*!^ collidine 
(VI) ,*'•*• quinoline (VII),**’' isoquinoline (VIII),*** quiruddine 
(IX),*** pyrazine (X),*** 2.5 dimdhylpyrazine (XI),*** 2.6- 
dimethylpyrazme (XII),*** 2.s-dimethylquinoxaline (XIII),*** 
and a-methylqutnuzohne (XIV).*** Res'ults are as given below 
the formulae. 


CH— CH y\ 


CH CH I 


(‘>_/\. |S) /\ /\<^. 


CH. 


CHa 

I 

CH 


\^/CH, HaCXy 


/ 






I.ju,-=i 83 II./i= 2 i 6 III. 


M 
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CH, 






H,C\/CH, X/ki/ 

N ^ 

VI. /A = 1-93 VII. fi « 2*i6 

N ^ 

\ / 


’\A/ 


vn. (i = 2-16 VIII. ii = 2 54 IX /t = 1 -86 
Ach. h,cA\ch, /\/\ch, /\/\ 

I ^ 


\A 

X {I 


O XI, jlD « O XII. fl 


U\ Ah. vv 

0-53 XIII. n = o XIV. fl 


2*2 


The moment of II (p3nidine) can be very accuratdy reproduced 
by assuming the group moments C-H = o, C-N = i‘3, C=N 
2 ’6, The moment fi is given by 

Vl* 3 * + 2-6* + (2 X I'3 X 2'6 c 0SI20®) = 2-25 

(expt. = 2-26), and acts along the dotted line shown, being 
directed towards the N atom by the convention already 
explained (the N = C bond is supposed to lie to the right of the 
N atom). When a simiLar calculation is applied to IV, it 
becomes evident that two cases (A) and (B) must be considered, 
which may be supposed to be present in a state of d3mamic 
equilibrium. Assuming the group moment for CHs as 0*4, 
(A) gives 2-29, and (B) i'92 by vector addition. Neither of 
these numbers agrees with experiment (1*72), but when they 
are composed veclorially, the resultant is in dose approxi- 
mation with observation. Similarly, V has two forms (not 
shown), whose moments may be found to be 2'6i and 2*29, 
yielding the resultant 2>i8 (compare expt. 2’3o). The moment 
of y-picolin, with the methyl group in para-relation to the N 
atom, can be predicted as 2-35 by a similar calculation, but here 
no experimental check is available. In VI, five vectors must 
be compounded together : the resultant is 1*93 (expt. i’93). 
For compounds VII, VIII and IX, it is found that calculation 
and experiment do not agree unless a small polarization 
moment in the direction of the arrow is assumed to exist. 
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Tliis result is analogous to that found in the dichloronaphtha- 
Icnes (sgAe above) . If in VIII, a moment of 2-25 acts along the 
dotted line towards the N atom, as in II, then the polarization 
moment must be 2-54 — 2*25 = 0'29. When this moment is 
applied to VII and IX, composition of the vectors gives 2-12 
for VII (expt. 2’i6), and i*86 for IX (expt. i'86). The results 
arc thus m very satisfactory agreement with observation.®^ 
No detailed discussion appears to have been given to the 
pyrazmes (X to XIV), but doubtless similar treatment would 
be effective. The zero moments of X, XI and XIII are tmder- 
standable on symmetry grounds. A small moment appears 
for XII, which is asymmetric with respect to the centre of 
symmetry, whilst a large moment is observed for XIV, which is 
evidently the most unsymmetrical member of the group. 

40 . Dipoles and Association 

(.\) Pure Substances. Estimates of + Pq values for 
flic vapours of HOH, CH*OH and CaHjOH are about equal, 
suggesting that water behaves as a member of the alcohol 
.sciies in the gas state.®^® Assuming that P^ does not vary 
very much in the series, Pq may be presumed to remain con- 
stant ; so that dipole moment is not greatly affected by length 
of chain. The polarization drops when a gas becomes liquid, 
the decrease being greater for smaller molecules, when a series 
of similar compounds is compared. Thus, in the above case, 
the values of AP at the boiling points are 42*5, 26*0 and 15*1 
for water, methyl and eihyl alcohols respectivdy. The fall m 
polarization on liquefaction has been associated with the 
linking together of dipoles in the liquid state. Figure LXXXIV 
shows how this may occur. In cases (a) and (b) , the dipoles set 
f hoinsclvcs in such ways as to tend to neutra li ze each other s 
inllucnce, with a consequent lowering of polarization ; in <^e 
(<'), tire dipoles reinforce each other, with increased polarization. 
TTu' association of water and the alcohols in the liquid state 
may then be represented by (a). Now suppose a liquid to be 
completely as-sociated according to type (c), with n molecules 
in each aggregate. Then the total number of molecules, 
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originally N, becomes Njn, and the pole strengths become n(i 
instead of ju The expression for 6 in equation (4) is therefore 
increased n times, for the variable part becomes N^nyi^^jn, 
or nNy?. 

The factors determining the degree of dipole association 
appear to be : (i) the sizes of the molecules ; (2) the geometrical 
lie of molecules in juxtaposition.*^* 



Figurb LX2CXIV.— Moibcvlajr Dipolbs in Assooution. Here a(i), 
r(u), a(ui), and b designate cases where dipoles combine so as to givo zoru 
resultant moment, whilst m c(i), c(u) and c(iu) they reinforce each oilier. 

Gross*“ has examined the values of P and R (=Pb) ^or a 
number of hdogenatei organic liquids, and finds that for com- 
pounds of similaj type P is almost independent of the halogen 
present: thus, for C0H5X, when X = F, P ^ 61-4, Cl 62-0, 
Br 627, I 60*7. In any series of corresponding compounds, 
from chloride to iodide, R increases and y, decreases, the effects 
practically compensating each other, the rise in electron 
polarization together with falling orientation polarization 
giving nearly constant total polarization. Further, P is always 
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less ttan P«,, the total polarization calculated by the dilute 
solution extrapolation method, where association is absent, the 
reduction P P« being attributed to dipole association of 
types (a) and (b) . In accordance with this, it is found that this 
reduction is least for iodo-compounds, in agreement with 
anticipation, since here the /is are smallest, and the dipole 
^sociation may be expected to be least. These results are 
illustrated by die following figures for the ortho-di-halogenated 
benzenes : — 



P 

R 

P 

Poo 

Ortlio-dichlorobenzene 

Ortho-dibromobenzene 

Ortho-duodobenzene 

84 z 

82 I 

784 

36 0 

41 8 

51 9 

2 00 

1*52 

1-32 

XI9 

QO 

89 


Somewhat similar results have been found for the hydrogen 
luilide gases by Clark. The Pg values increase, and the P^ 
values decrease from HF to HI, but not in such a way as to 
cause compensation in the total polarization P, as in the liquids 
.studied by Gross. 

Girard“* has studied the dipole association of pure liquids of 
the alcohol type. The liquids fall into two groups, according 
as tlic association is of t3q)es (a) and (b), or t5q)e (c), which may 
be termed non-polar and polar association respectively. 
Tertiary alcohols form non-polar association complexes, as do 
primary alcohols. It can be foreseen that, in these cases, as the 
temperature is raised, the complexes will tend to break up and 
so set free new dipoles, which may partially or even completely 
compensate for the effect of the increase in thermal agitation 
in decreasing the polarization of the medium. The ejT curves 
may be interpreted on this basis. In this connection, it may 
be noted that Smyth and Rogers*” found an increase in e with 
rising T for ac^c and butyric adds. The Debye theory requires 
falling c with increasing T, so the discrepancy may safely be 
attributed to the effect of association. Girard and Abadie*“ 
found examples of the formation of polar complexes amongst 
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i\i& ^oPyhyiric alcohols, the moments bciiiff givon vory approxi- 
mately by 1’6'v/w, where n is the number of hydtoxyl groups. 
The absorption and dispersion of the fiolyliydrie alcohols has 
been examined with a view to throwing light on tlie jH-ohlom 
of their association : it is found, for instanc(', t iiat II le formation 
of the polar complexes gives rise to (Hse-ontimiitios in the 
dispersion (e/A) curves. 

Early observations on the influence of luild strength on the 
dielectric constants of polar liquids had indicated small 
decreases in e with increasing field (see this Vol. : 27AC). 
More recently, Malsch“* found definite effects, dc/e being 
linear with the square of field strength, 'riic deviations from 
the requirements of the Debye theory wore found to bti gi’catest 
for liquids having the largest e’s, and the deirartures might 
therefore be attributed to association. It was also found tliat 
the shift in the region of anomalorw dispersion was greater, the 
larger the value of « and tlic greater the degree of Jiasociation. 

Conceming the association of inorganic compounds, it has 
been observed (this Vol. : 36A) that Zahn®“* found dccTcasing 
moment in the series from hydrogen chloride to hydrogen iodide. 
Although some authors have held contrary views, it has been 
argued by Qark*'-® that hydrogen fluoride will posse.s.s tlic higho.st 
moment in the series, in accordance with the known cu paeity 
of the gas to associate, revealed by independent (‘xjxirimcnts. 

(B) Liquid Mixtures. It may first be noted, as already 
pointed out, that moments deduced from znoa.surcments in 
solution by extrapolation to infinite dilution take no account of 
Msociation, since the aggregation of molecules decroasz's with 
increasing dilution. 

The curves marked III in Figure.^ LXXXl, LXXXll and 
LXXXIII may now be considered in I'elation to the theory of 
dipole association advanced in the above ssub-scction A. Con- 
sidering Figure LXXXI for benzene-ether mixtures, the con- 
^ancy of the contribution of ether to the total polarization 
indicates that ether is unassociated in benzene. In Figure 
LXXXII, a progressive fall in the contribution made by 
chiorohenzene vn benzene is observed, a similar curve having 
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been obtained for niirohenzene in benzene. Here the natural 
dipole moments tend to raise the orientation polarization, but 
resulting association (increasing with concentration) tends to 
lower it, if the association is of type (a) in Figure LXXXIV. 
Figure LXXXIII shows the case of alcohol in benzene, where a 
maximum is observed for the contribution of the alcohol to the 
total polarization with changing concentration. Here it has 
been supposed that in the more dilute solutions of alcohol, the 
increasing contribution of alcohol may be explained by 
increasing association, probably in pairs, of t3^e (c) ; after a 
certain critical concentration, triple molecules of t37pe (b) may 
increasingly make their appearance, with attendant reduction 
of effective moment. Lange®*^ has studied numerous cases, and 
found nitrobenzene and pyridine in benzene to give curves of the 
type of Figure LXXXII, whilst propyl alcohol, nrbutyl-alcohol 
and isobutyldkohol gave maxima like that in Figure LXXXIII. 
Isoamylalcohol was exceptional in giving a curve with two 
maxima. This was considered to be due to the superposition of 
two curves, the alcohol being a mixture of two isomeric forms. 

The influence of temperature was studied by Lange, for 
nitrobenzene in benzene (24®, 45® and 65 ®C.) and for propyl 
alcohol in benzene (24®, 41° and 70 ®C.). Debye’s formula 
[equation (18) of cap. XI] suggests that polarization decreases 
with increasing temperature, and it was found that for a given 
concentration the contribution of the substance dissolved in 
benzene to the total polarization of the mixture diminished with 
increasing temperature. The magnitude of the change did not 
obey the formula, which was deduced without taking account 
of association. If the formula were followed, multiplication of 
Fj for absolute temperature T by the factor r/273 should lead 
to a constant amount for a given concentration ; deviations 
from this give a measure of the effect of association. The 
temperature coefficient o of PaTfzys was calculated for diBerent 
concentrations according to the formula 
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using Ti = 273 + 24 and = 273 + 65 for nitrobenzene, and 
Tx = 273 + 24 and Tj = 273 + 70 for propyl alcohol in 
benzene. It was thus found that the rising portions of the P2 
curves corresponded to negative values of a, so that the mean 
moment decreased with rising temperature. Conversely, the 
falling portions of the Pa curves 3delded a positive temperature 
coef&dent, or an increase of mean dipole moment with tem- 
perature. In aU cases, increasing temperature wiU tend to 
lessen association, but if rising portions of Pa curves (as in the 
first part of curve III of Figure LXXXIII) correspond to 
zissociation of type (c), and falling portions to association of 
types (a) or (b), it follows that the effect on moment will be 
opposite in the two cases. A little reflection shows that the 
efiects work according to anticipation. Repression of dipole 
association of type (c) (rising portions of curves) caused by 
increasing temperature will decrease the mean moment, since 
association of this type tends to raise it ; whilst repression of 
association of type (a) or (b) will tend to raise the mean moment 
and thus act in the opposite way, in agreement with observation. 
The results may be summarized as follows : — 


Portion of Pj 
Curve 

Association 

Type 

Efieci of 
Temperature 

Effect on 
Moment 

Efioct on 

a 

Falling 

(a) or (b) 

Repression of (a) 
or (b) 

Increase 

Positive 

Rising 

(0) 

Repression of (c) 

Decrease 

Negative 


The effect of various factors in decreasing dipole association 
may be summarized as follows : (i) Increasing sjnmmetry of the 
molecular group (association of t3rpes (a) and (b) ) ; (2) 
Increasing size of molecule (in homologous series) ; (3) 
Increasing temperature ; (4) Decreasing concentration in 

solution. 

Further results on nitrobenzene have been recorded as follows, 
Wehrle*** studied mixtures in non-polar benzene, and polar 
^her and chlorobenzene. It was found that associatioii may 
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occur not only between molecules of the same but also of 
different substances, so long as both are polar. Solutions in 
benzene and carbon tetracldoride have been examined in respect 
of their polarization, the evidence pointing to the electrical 
origin of the association of polar molecules.**® Piekara*** has 
discussed the molecular polarization in hexane, and has cal- 
culated the degrees of association at 5°, 15° and 25 °C. On the 
other hand, van Arkel and Snoek**® hold that nitrobenzene is 
unassociated in toluene, benzene, hexane and carbon bisulphide. 
The argument is based upon earlier work, as a result of which it 
appeared that nitrobenzene was a non-associating molecule, 
and upon the use of the modified Debye formula suggested by 
the authors (see this Vol. : 37D). The constant c in this 
formula depends upon the dipole moment involved, and is 
characteristic of a given molecule and independent of the 
solvent, unless association occurs. For nitrobenzene, c — 1-33 
in the four solvents, and zero association is deduced. This 
conclusion would leave the experimental observations of many 
earlier workers unexplained, and it seems impossible to accept it 
as final. 

According to van Arkel and Snoek,*** benzonitrile is 
imassociated in benzene, but associated in hexane. This is 
attributed to benzene molecules having higher external fields 
than those of hexane. The association falls in the series 
CHsCN, CHjClCN, CCljCN, in the direction of decreasmg dipok 
moment, and is greater in hexane than in benzene in any giver 
case. 

Graffunder and Heymann**® took the departure from linearitj 
of P2 curves as evidence of changing degrees of association oi 
acetone or alcohol in cJdorofonn or carbon tetrachloride witl 
changing concentration. For many other liquid mixtures 
linear relations were found. A small increase of dipole momeni 
of dilute solutions of oximes in benzene has been attributed tc 
association.**® The association of chlorobenzene and bromo 
benzene in carbon tetrachloride has been investigated, witl 
respect to changes with concentration and temperature.*** 

Berger**® has made an attempt to compare conclusions drawi 
about association in benzene from dipole moments with thos( 

385 



THE FINE STRUCTUBE OF MATTER [XIH 4OB 

deduced from measurements of boiling-point elevation The 
ratio between the observed and the theoretical elevation for 
many mono- and ii-svbstituie^ benzenes could be written in the 
form 5 — where 4 is a measure of association of a given 
substance. Approximate proportionality between A and n was 
observed in many cases • for di-derivatives where the sub- 
stituent groups had moments of the same sign {e.g., Q-NO2) the 
association decreased from ortho- to para-compounds, and when 
the signs were unlike {e.g., NOa-NHj) the converse was true (see 
Table XLIX). 

According to the distribution measurements on phenol between 
benzene and water of Philip and Clark,®*® phenol is increasingly 
associated as its concentration in benzene increases, in agree- 
ment with independent evidence. On the other hand, the 
polarization measurements of Williams and AUgeier*®® show 
constant Pg values up to about 40% phenol in benzene, a 
result which has been confirmed by Donle,*® over a less wide 
region of concaitration. No explanation appears to have been 
offered for these and kindred anomalies. 

It has been found by Sm3d:h and Engel®*®^ that Langmuir’s 
theory of molecular surface energies in predicting the partial 
vapour pressures of binary mixtures of liqmds breaks down if 
one constituent (an alcohol) has dipole moment. The authors 
have attempted to explain the observed divergencies in terms 
of interactions between dipoles. 

The formation of a compound between hydrogen chloride and 
e^l alcohol has been suggested to explain the relatively high 
polarization of the mixtures as compared with that of hydrogen 
chloride in the gas phase.*®* More recently, Fairbrother**® has 
investigated solutions of hydrogen chloride, hydrogen bromide and 
hydrogen iodide in benzene and carbon tetrachloride as solvents. 
The dipole moments are higher than in the gas phase, and this 
is attributed to an increased ionic condition, tmder the polarizing 
influence of the dipoles induced in the solvent molecules by the 
fields of the solute dipoles. No check, however, has been made 
upon Zahn’s measurements**® of the dipole moments of the free 
gases, and confirmation would strengthen the arguments 
concerning the nature of their solutions in organic solvents. 
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Fairbrothcr’s result, if confirmed, might be accounted for by 
combination between solute and solvent perhaps almost cqiuilly 
well as in the explanation adopted. The formation of primary 
association products of this type is generally linked with 
considerable chemical reactivity. In many cases of ordinary 
reaction, it appears that primary associations arc first formed, 
afterwards yielding the normal products of the reaction, as in 
the various decompositions oi formic acid under the influence of 
catalysts.*** The intermediate compounds are seldom capable 
of isolation. 


(C) Theories of Dipole Association. Various types of associa- 
tion processes may be distinguished, with Ebert,®*® as follows -■ 

(1) Association between ions ; as in ionic cry.stals, where the 
linkages are “ many-sided ” ; and in salt vapours, where they 
are “ one-sided ” ; 

(2) AssodaMon between ions and dipoles (co-ordination com- 
pounds) ; 

(3) Association between dipoles (molecular aggregates) ; 

(4) Association between dipoles and qnadrupotes 

(5) Association betieeen qitadrupoles. 

Associated ion pairs lead to " salt dipoles,” as in NaCl 
vapour ; or possibly to " salt quadrupoles,” as in the vapour of 
HgjClj. Walden*** found, in conformity with tlus, that the 
dielectric constants of three organic solvents were raised by the 
addition of a salt of a quartemary ammonium ba.se (this Vol. : 
27D). The interaction between ions and dipolc.s seems to 
provide an explanation of the co-ordination compounds,*®* the 
" solvation ” of ions, and, in particular, of the formation of ion 
hydrates and ammoniates.*** The co-ordinating atom need not 
be ionic, however, as in the compounds A(HaO)8, S(NH8)o, 
Ca(NH 3) 8, Ni(CO) 4 and Mo(CO) 3. Combination between dipoles 
of the same kind may be held responsible for molecular 
association in pure liquids and vapours, and of substances in 
solution. When the dipoles are unlike, molecular compounds 
between solute and solvent may be formed, as in the case of 
HQ and CsTTjOH. The explanation of slow homogeneous 
reactions may lie in the intramolecular change of primary 
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associated products.*®* Dipole association is also probably tlie 
preliminary and dctomiining factor iit many cases of hetero- 
geneous reaction, in being the xuulerlyitig cause of lulsorption 
(sec following Section 41). 

van Arkel and Snoek®* have classified substances into ihret' 
classes, with respect to the presence or absence of association, 
and of variation of dipole moment with tcinpeniturc :• - 

(1) Unassociaied teiith Constant Moment. Nitrotoizonc, iodo- 
benzene, bromobenzenc, butyl halides and ethyl acetate iirc 
placed in this group. 

(2) Unassociated with Variable Moment (a), and Weakly 
Associated with Constant Motneni (b). An example of (2a) is 
found in ethylene dibromide. (2b) is represented by etlxyl 
acetate in organic solvents ; its as.sociation increases from 
solution in benzene to carbon tetrachloride, and from carbon 
tetrachloride to hexane. 

(3) Strong Association. Examples are provided by the 
alcohols and adds in solution. The rckitions am genenUly very 
complex. 

The tendency of hydroxylated substances to as.sodate is wdl 
known from independent evidence. In the case of water, 
I^timer and Rodebush*®* sugge.stcd that an oxygen atom 
of one molecule might form a link with the hytlrogcn atom of 
another by sharing a pair of electrons, the hydrogen atom 
becoming effectively bivalent, as follows 

H 

H 

where the double dots signify pairs of electrons. A similar 
explanation may be used for alcohols and phenols. Sidgwick®*® 
suggested the terms “ donor ” and “ acceptor ” for atoms 
giving or receiving pairs of electrons respectively. The 
structure of associated water may then be represented as 
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follows, the arrows denoting directions of traiisfer of 
dectrons : — 

_ 

H— CM-H— 0-^H— 0 

I i I 

H H H 

Compounds containing an amine group also show some tendency 
to associate. The P^, + Pq values for a series of amines are 
given by Ebert*“ as follows : HNH2, 15 '9 ; CJH5NH2, 26*4 ; 
(CaHj)2NH, 23-3 ; (C2H5)8N, 24-5. Here association of type 
(a) lowers the dipole moment of ammonia. 

The h37pothesis of Sidgwick has been criticized as a result 
of experiments on molecular refraction. Sm3dh, Engel and 
Wilson®" argued that the presence of a semi-polar bond (of the 
donor-acceptor t3Tpe) should cause a diminution in molecular 
refraction of from o-2 to 0*5 unit. It was found that the 
refraction of alcohol was independent of its concentration in 
heptane, whilst association would be expected to increase and 
refraction decrease with increasing concentration. Moreover, 
it was observed that the refraction of alkyl halides dissolved in 
heptane varied with temperature to about the same extent as 
an alcohol in heptane. Since alkyl halides cannot co-ordinate 
in the donor-acceptor way, the result was regarded as evidence 
against the Sidgwick hypothesis of co-ordination. Sm3dh and 
co-workers therefore assume the association to involve merely 
an orientation brought about by the strong forces betw^ the 
dipoles. Similar views have been expressed by Martin and 
collaborators,®" who observed no change of refractivity with 
concentration for phenol-benzene and benzyl alcohol-benzene 
mixtures. This argument against the semi-polar bond theory 
of co-ordination of alcohols and phenols is supported by the 
earlier observation of Fajans and Joos of the lowering of 
refraction of the oxygen anion by successive laying-on of 

protons (see this Vol. : 34^^)- . . 

Rolinski®" has attempted to calculate degrees of association 
from dipole measurements on solutions. Following Debye, he 
attributed deviations from additivity requirements of liquid 
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mixtures to 2 issociation. It was found that dipole-free liquids 
(benzene, carbon bisulphide, carbon tetrachloride) showed no 
departures from additivity in mixture witli each other, and the 
molecular polarization was independent of concentration. 
Mixtures in which one component (benzene-ether) possessed 
intrinsic moment, and those in which both components (chloro- 
benzene-quinoline) had moment, showed a fall in molecular 
polarization with increasing concentration, indicating increasing 
association of types (a) or (b). The equation of Debye was 
rewritten in the form 

P = gTriVo -1- pj, (ib) 

where the degree of association a is given by i — {NojN), 
N being the total, and Nq the unassociated number of molecules 
present at a given dilution. It was found tliat, for correspond- 
ing molecular concentrations, the association increased for the 
following substances in the order ethyl ether->chlorobenzenc->- 
pyridine-^-quinoline-^nitrobenzene, which order is the same as 
that of ascending dipole moments of the unassociated molecules 
deduced by extrapolation to infinite dilution of solutions. 
Wolfke®“ has extended these calculations by theoretical treat- 
ment on the basis of the Einstein exponential probability law of 
distribution of associated and unassociated molecules. In tliis 
way, good general agreement was obtained between degrees of 
dissociation calculated theoretically and those deduced from 
eaperiment by RolinsM’s method. More recently,**® the cal- 
culation has been extended to cases involving association of 
type (c), where increased moment occurs in certain con- 
centrations. Curves showing maxima, in agreement with the 
experiments of Lange*** on alcohols m benzene were reproduced 
in the theoretical analysis. Sakurada**® has further derived a 
simple relation between orientation polarization and the 
concentration of solution on the basis of the Law of Mass 
Action, whereby the degree of dissociation may be found. 
Comparison with the experimental data of Rolinski, W illiams 
and Lange on chlorobenzene, chloroform, methyl acetate, etliyl 
acetate and nitrebenzene in non-polar solutes gave satisfactory 
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agrccinoul. It was found that nitrobenzene gave triple, and 
the other molecules double complexes of zero moment. A satis- 
factory beginning has thus been made in allowing for the 
inlluence of association of different types. 


41. Dipoles and Adsorption 

No attempt is made in the present section to deal with the 
general theory of adsorption. A brief survey is provided of the 
suggested mechanism of the process in terms of polarization 
phenomena. 

Polan 3 d**’ considered the data of Titoff*® on the adsorption 
of carbon dioxide by charcoal, and concluded that they might be 
accounted for by the mutual orientation of the magnetic and 
electric fields of adsorbent and adsorbed substance, in such a 
way as to cause attraction and consequent dose approach of 
the two kinds of molecule. It is further supposed that sub- 
.sequent deformation between molecules in contact on the 
lulsorbcnt surface may occur in such a way as to set up induced 
<.lipolo.s, enabling opposite poles to approach each other more 
clo.sely. Mukherjec**® considered the origin of the charge of 
Ihe adsorbent and the relation between charge and con- 
centration of adsorbed substance. It was conduded that the 
first interaction is of a chemical nature, followed by dectiical 
adsorption with tlie formation of an electrical double layer. 
Kar and Ganguli*®® have argued that there exists no essential 
difference between dectrical and chemical adsorption, the 
(lioory being worked out on this basis. Eucken*®^ earlier 
expressed similar views, and considered data on the adsorption 
of argon by charcoal, where it was unlikdy that any chemical 
forces could operate, and where the effect seemed to be due to 
the samft forces as are concerned in the condensation of argon 
to the liquid state. These forces would be such as are found 
in polarization, and would operate over s ma ll distances only, 
('.ompared with molecular dimensions (see Vol. i : Figure 
XXXIII). Lorenz and Land!*®* concluded that adsorption 
results might be used to calculate the dipole moments of 
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adsorbed substances, but so far this hope has not been fulfilled. 
The studies of Frumldn®®® and Guyot*®* indicate that the 
interface values of moment are alwa37S too low. Frumldn and 
Williams®®® have concluded that some factor has been left out 
of accormt in making the calculation. 

Lorenz and Land6*®® found that the observed heats of 
adsorption might be accounted for, so far as orders of magnitude 
are concerned, on the basis of a dipole molecule held to the 
adsorbent surface by attraction between itself and a mirror- 
image induced dipole within the surface. The potential 
energy of a dipole in the field of its dectrical image is J = 
— /*®(i -b cos®fl)/y®, where r is the distance between the dipole 
centres and 6 is the angle of inclination of the dipoles to the 
normal at the adsorbing surface. (This result may be easily 
obtained from the formula given at the end of Section 3 of the 
Appendix to Chapter XIV, by putting == =- and 

dx= 9 , Bi — 180“ — B). Lorenz and Land6 only considered 
single films, but Bradley®®® showed that thicker films might be 
possible (see Vol. i ; 33Cf, end). 

'Ihe work of Magnus*®^’®®®’®*® has done much to extend the 
electrical theory of the origin of adsorptive cohesion. In the 
case of carbon dioxide, which has zero moment, adsorbed on 
charcoal, it was assumed that an induced dipole was set up by 
deformation, whereby the C atom was attracted nearer to the 
surface than the two O’s, a similar dipole being set up within 
the surface.®” It thus became possible to extend the polariza- 
tion theory to non-polar molecules. Magnus also discussed 
heat of adsorption, which was found to fall witli increasing 
pressure of carbon dioxide. This was accounted for by 
inequalities in ihe surface, molecules being more firmly bound 
at certain points than at others. Herzfeld®®® considered 
adsorption heats in further detail. It was found that these 
might either decrease (as in the case considered by Magnus) or 
increase with increasing amount of gas adsorbed on a solid 
surface. Decreasing adsorption heats with increasing con- 
centration of adsorbed substance could be readily accounted 
for on the basis of inequalities in the surface, the higher points 
having .smaller affinity for gas molecules. Hence the spots on 
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the surface having higher affinity will adsorb the first part of 
the gas, and give up larger amounts of heat than in later stages 
of the process. This explanation will not account for cases 
where the adsorption heat increases with increasing covering 
of the adsorbent surface, and Herzfdd introduces the conception 
of increasing interaction of neighbouring dipoles, with heat 
evolution, in explanation. The number of places on the surface 
where two or more adsorbed molecules lie dose together will 
increase more rapidly than the amount of gas adsorbed in 
places with isolated molecules, according to this suggestion. 
Examples are provided by hydrogen or oxygen on the surfaces of 
sodtwn chloride or fluorspar. The factor which determines 
which of these opposed processes shah, prevail in a given case is 
apparently unspecified. 

Magnus**® worked out the theory of the adsorption of polar 
water vapour and non-polar carbon dioxide as two-dimensional 
gas phases. Attention was also paid to the variation of 
adsorption heats with temperature, as observed bdow. In 
cases where the adsorbed gas molecule has zero moment, and 
an induced dipole is set up {e.g., carbon dioxide), the layers may 
be expected to be monomolecular. When dipole moment is 
present, thicker layers may be formed, with increased adsorp- 
tion : thus SOg is more strongly adsorbed than CO*, and NHg 
and OHj than CH*, other things being equal. At low surface 
concentrations, the molecules can move freely about : they also 
vibrate perpendicular to the surface. Some molecules having 
high enough energies can escape, whilst others arriving are 
retained. In this region of concentration, therefore, the con- 
centrations in the adsorbed and gaseous phases are proportional 
to each other (c/. Henry’s Law), and the heat of adsorption is 
independent of concentration. At higher concentrations, the 
rdations are more complex, due to interactions between the 
adsorbed molecules. On raising the temperature, the ampli- 
tude of vibrations perpendicular to the surface increases, the 
mean distance from the surface increases, and the attraction 
between the dipoles of the gas molecules and their mirror- 
images decreases, so that the heat of adsorption feUs. This 
theory may perhaps be the forerunner of a more rigid e:q>lana- 
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tion. A bc^imiiug has been made on the basis of tlu' wavo- 
nu'chanics.®®*’®®® 

Iiu‘<iualitics in an adsorb(*.nt in different parts of its snilnee 
may acconnt for the activation of cjumoal ®®® Activation may 
bo carried out by air, steam, and chemical ri*agents (zinc 
('iiloride, phosphoric acid and ferments), and it is snfigt‘st(*<l 
tliat the surface carbon atoms have one free valency eai)able of 
anchoring a vapour iiiolecnle, and that activation may cause 
pitting and extension of the number of available p(»ints of 
attachment. If the activation procc.ss be airried too far, 
ileactivation may .set in, as the .surface pits become wiiler. 

Perrin®®* cxpre.ssed the view that the .stability of electrically- 
dispersed metal systems depc'nded directly u}X)n the dieli*ctric 
constants of the dispersion media. Svedberg**® notisl exiap- 
tion.s to this, finding that platinum sols in methyl and ethyl 
alcohols were unstable, although the dielectric constants of tlie 
alcohols are relatively Ixigh. Wo. Ostwald*®® rtijwirted that the. 
swelling of rubber was greater in liquids of lower duletdiic 
coastant. It lia-s been found that a better interj^retation of 
the stabilities of metalic organosols can be derived in terms 
of the orientation polarizatioas (dipole moments) of the 
dispersion media.®®’ Burton®*® found that thts particles of 
dispersed metal carried charges in certain media, the charges 
apparently arising from interaction between the ixirticles and 
the medium. It would be anticipated that media of higher 
dipole moment would yield more stable groups in th<i neighbour- 
hood of charged particles, the solvent dipolas being orientated 
towards them : thus media of liigh intrinsic moment wouhl 
produce more stable sols whoso coagulation and preciintution 
would be prevented or at least delayed. Errera*®® prepared 
soLs of plaHntm, mercury and copper sulphides in various media 
by cliemical methods, and found tlxe addition of substances 
having a lower dielectric constant than the solvent to oau.se 
precipitation, and conversely ; exactly opposite to the effect 
mentioned above. According to Wo. Ostwald,®®* this may be 
attributed to the presence of ions as well a.s dipoles in the 
sheaths surrounding these colloid particles prepared by 
chemical means. Thus an HgS-alcohol .sol may be coagulated 
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precipitated by addition of benzene. The sheath surround- 
ing the micelle and responsible for its stabilization contains ions 
and alcohol dipoles. ^ Benzene raises the polarization of the 
alcohol up to a maximum at a concentration of about 33% 
(curve B in Figure LXXXIII). The interaction between the ions 
and the alcohol dipoles leads to the destruction of the ion 
absorption layer with consequent coagulation of particles and 



^ LXXXV. — bbtwebn Polarization of Benzene- 

JixiiYL Alcohol Mixtures, Solubility of Picric Acid and its Adsorption 
ON Charcoal in them. A is reproduced from curve III of Figure LXXXIII, 
H shows the adsorption of picnc acid by charcoal in differen't mixtures , 
C represents the solubility relations , D shows the optunum coneentration for 

coagulation 


precipitation. Errera found that the optimum concentration 
for coagulation corresponded to that of benzene-alcohol 
mixtures having the highest total polarization. Angelescu and 
ComSnescu®^® observed that the adsorption of picric add by 
charcoal reached a minimum in benzene-alcohol mixtures of 
this concentration. 

A close connection exists between solubility and adsorp- 
tion.®” The more soluble a substance is in a given medium, 
the less easily is it adsorbed from the medium.®”'*®* Curve C 
in Figure LXXXV is drawn from the measurements of 
Angelescu and Dumitrescu,*®* and shows the solubility of picric 
acid in alcohol-benzene mixtures. In accordance with the 
theory, the minimum of curve B, showing adsorption, roughly 
corresponds to the maximum of curve C, whilst both, are not 
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very far removed from the concentration of alcohol in benzene 
containing 33% alcohol having maximum dipole moment i>f 
alcohol and maximum coagulating efficiency. Tliis resul t seoins 
to illustrate the relations between adsorption, .solubility and 
polarization particularly well. 

Hermann and Boye®^® have carried tlic above rasearehes u 
little further, by examining tlie often complex behaviour of 
liquid mixtures of different types in respect of influence of 
adsorption of substances by charcoal. In general, linear 
adsorption-concentration curves arc obtained in the case of 
picric acid when both component.s are non-polur (benzene- 
carbon tetrachloride) or when one component only is polar 
(toluene-carbon tetrachloride) so long as no intcniction occurs 
between the two liquids. Curved adsorption curves occur 
when one component is polar and is affected by the other 
(benzene-nitrobenzene) and when both components are polar 
(water-alcohol, chloroform-alcohol, etc.) , Hie general rclat ions 
between solubility and adsorbability are confirmed. In com- 
paring different substances in respect of the dipole moments of 
the media, it is best to compare substances of related con- 
stitution, for example, an homologous scries of alcohols, when 
it is found that the solubility of an ion-yielding .subsfeincc like 
picric add increases with increasing deformability of the 
alcohol, whilst the adsorption diminishes. The experimental 
method, using picric or benzoic adds, was to centrifuge u 
mixture and titrate the residual add in the medium. 

According to the theory of Debye and Huckel, an ion in 
solution in a polar solvent tends to surround itself with an 
" ionic atmosphere ” of orientated solvent dipoles. This theory 
is found to throw light on the problem of the conductivity of 
more concentrated solutions of electrol3rtes. The building-up 
of the dipole distribution involves a time factor, which in 
turn causes a "braking" effect on the ion and alters its 
conductivity. 

The adsoiption of fotasmm chlorUe and iodide and sodium 
chloride from aqueous solutions on negatively-charged barium 
sulphate follows the same changes with concentration as on tlie 
positively-charged substance.”® It may be assumed that the 
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actions axe similar, the positive ions beiiig attracted to the 
negative surface, and vice versa. 

Bergmaim®” has found that the blue colour developed on 
addition of iodine to starch solutions is due to adsorption. 
Adsorption is particularly important from the chemical 
standpoint in the study of surface catalysis. Three factors 
may be taken into account : (i) the extent of the surface ; 
(2) the capacity of the solid to adsorb the reactants ; (3) the 
ability to form adsorption complexes. When two gases are 
adsorbed together, their molecules are brought into such dose 
contact that the speed of possible reaction between them may 
be greatly accelerated, as in many familiar instances.*™ Recent 
studies indude the investigation of the dectrical condition of 
hot metallic surfaces during the adsorption of gases, the results 
being discussed in relation to catalytic activity 
The terms “ adatom ” and " adion ” have been suggested by 
Becker*^ to denote an adsorbed atom and ion respectivdy. 

Matter in the adsorbed phase must be regarded as being in a 
different, and generally more active, state than ordinary. The 
explanation put forward of this behaviour on the basis of 
polarization effects has yidded good general agreement with 
experiment. 

42. Dipole Moments of Inorganic Compounds 

(A) The Hydrogen Halides, Hydrogen Cyanide and 
Cyanogen. Zahn“® determined the dipole moments of the 
hydrogen halide gases by the method of temperature variation 
of didectric constant, as follows : HCl i’03, HBr o-yS, HI 0‘38. 
van Vleck (see calculated the moments from the total 
polarizations at N.T.P. as measured by Zahn, and the optical 
polarizations for infinite wave-length, deduced from the 
measurements of Cuthbertson and Cuthbertson, as follows : 
HCl I *06, HBr 0’8o, HI 0*41, in substantial agreement with the 
directly obtained values of Zahn. Since these numbers 
co-ordinate two sets of independent measurements, they are 
perhaps the most reliable so far available. Other values have, 
however, been obtained. For example, Este rm a n n and 
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Fraser“* found /* = 1*95 for HCl by the molecular ray method, 
though no great accuracy is claimed, whilst Fairbrothor®*® 
found higher values by the solution method : (in bonzene) 
HCl r'26, HBr i*oi, HI 0*58 ; (in carbon tetrachloride) HBr 
0-96, HI 0-50, whilst in the solvents ethyl bromide and ethyh'no 
dibromide the respective practically normal values of i-oa and 
0*97 were obtained for HCl.®®® 

The intemudear distance for HCl deduced from band 
spectra is 1-272 A.U. : if, now, the dipole distance i had been 
equal to this, the moment would have been /*' -- - 1-272 x 

4-77 = 6-07, where e is the electronic charge. This high value 
compared with experiment leads to the conclusion that HCl 
behaves as if only 17-5% polar, and that the molecule cxliibits 
considerable deformation, by the proton H‘'‘ entering the 
negative Cl“ ion (see Table in this Vol. : 34Db). An induced 
dipole is set up, tending to lessen the natural dipole, since it 
acts in the opposite sense. The effect of the induction will be 
to cause diminishing moment in the series from HCl to HI, 
since the polarizability of the negative ion increases from Cl" 
to I ■ . Debye has deduced the relation 

^ = -^) (17) 

where a' is the " apparent polarizability '' of the negative ion 
(see *®*). 

The apparent polarizability P' may be found by u.sing 
P' = 4irfVa/3, obtaining o' from (17), when it is found that tlic 
values for HCl and HBr agree very closely with the molecular 
refractions of argon and krypton respectively, the inert gasc-s 
having the same numbers of outer electrons : thus for H('l, 
•P' = 4'3ii P(argon) = 4-23 ; HBr, P' = 6-27, P(kiypton) ~ 
6-42. Bom and Heisenberg*®® gave the polarizabilities o of the 
negative ions, whilst Clark®*® calculated the values o" which are 
conformable with the dispersion of refractive indices as 
measured by Cuthbertson and Cuthbertson. The results 
indicate that o is too large, and o' too small a measure of the 
true polarizabilities o". A simple relation, however, exists 
between these numbers : the lowering of polarizability of a 
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hillicio ion by a proton a — o" being in linear relation witli 
Dcbyo’s «' according to the expression.®^® 

tt — a" 0*25a' + 0*06 (iH) 

lioin wliidi it appears that tlie apparmi polarizaUlify «' is a 
measure of this Unttering for each of the four halides. This is 
shown in the following scheme : 
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'rii(' sigrmncnt with experiment is observed to be exact, except 
in the case of Hb', where the mimbers are somewhat less 
ndiablo, being partly deduced from estimates. 

A fnrtlier point of interest arises in connection with tin* 
discovery that a." cerf, .so iXx.'oX the cube of intemiiclear distance, is 
a measure of tifte polarizability of a hydrogen haUde. Tlio rolati on 
is o* I •242?',* and is of virtually the same form as an 
cejuation suggested by von WiiJniewsld,*®* who wrongly assumed 
the appliaibility of MaxweE’s rule to the polar hydrogen 
hulide.s. The above result, however, turns out to be indcj>en- 
<lent of this asstimption. A similar relation has also been used 
by Itergmann and Engel®®® in deducing interatomic distances of 
inorganic halides of more complex character (sec flection 42K, 
below), and was applied to the hydrogen halides, but with not 
very good .succeas. Ihirther analysis of the.se results might bo 
extremely fruitful. 

MnlUken*®® has pointed out that dipole moments as normally 
given refer to equilibrium intemudear .separatioas. Since the 
nuclei are in vibnition, the dipole moment must be continually 
changing. A study is made of the variation of g with iuti'r- 
nnch'iir disttince for H('l, IIBr and HI and other ca.scs. 
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An attempt has been made to find a relation between the 
solubility of HCl in different organic solvents.®*® Although a 
tendency towards increasing solubility with increasing dielectric 
constant of the medium is found, it is dear that the parallelism 
is not exact. Some other factor enters in, and it is sugge.sted 
that this may be associated with the discontinuous nature of the 
solution in the neighbourhood of solute molecules. 

Some discussion has taken place about the most probable 
dipole moment of HF. According to the quantum-mechanical 
calculation of Kirkwood,*®® jit(HF) is less than jti(HCl), and 
Sm3rth and McAlpine*® have adopted the provisional value of 
0-8 on this basis. Smallwood*®® has obtained the higher figure 
2-0 by extrapolation, whilst Clark®** has found the value 1-58 
between these extremes. Smallwood’s extrapolation is liable 
to considerable uncertainty : Clark’s estimate is also open to 
question, since it is based on the assumption that the apparent 
polarizability of HF is equal to the molecular refraction of neon, 
and it is somewhat imcertain whether Debye’s principle may be 
extended to this case. However this may be, the weight of 
evidence seems to be definitely in favour of the idea that HF is 
the most polar molecule in the group of hydrogen halides (see 
discussion in *®®). 

The dipole moment of a compound HX is generally less than 
that of RX, where R is an alkyl group. Thus we may expect 
the moment of HCN to be less than that of methyl cyanide 3*16 
(this Vol. : 38F) : according to a recent measurement of 
Smyth and McAIpine, it is 2-932 lor JiyArogm cyanide gas. 
Earlier measurements yielded lower values.*® Cyanogen gas, 
examined by Braune and Asche,*®* gave the small, though 
appreciable, moment of 0-3. The fall in moment between 
HCN and CjNg must be attributed to increasing symmetry. 

(B) Carbon Monoxide and Derivatives. Early measure- 
ments*® indicated that carbon monoxide possessed a small 
moment, about o*io, which exactly agrees with a more recent 
result of Rao and Ramaswamy.*®* The structure of the 
molecule has been much discussed. Early evidence, based on 
the Heitler-London theory of molecule formation, suggested a 
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clotiblc bond for CO, in conformity "with its known tendency to 
form addition compounds such as COCI2. The characteristic 
frequency derived from the Raman Effect, however, suggested 
a triple link, in agreement with the fact that CO and N, are 
assigned siimlar electron configurations, the bond in Na being 
certainly triple. Hammick, New, Sidgwick and Sutton^®’ sug- 
gested that the third linkage was semi-polar, both electrons for 
it coming from tlie oxygen atom. Lessheim and Samuel®*® 
urged that the pair of electrons provided by the same atom 
should not be counted as taking part in the link, which was 
therefore considered to be double. Pauling and Sherman*** 
have* adduced evidence that the heats of formation of many 
molecules are less than those calculated for any simple 
structures, and have attributed this to the presence of resonance 
mixtures of different forms. It was found that CO cor- 
responded to a mixture of C" = 0 + and C = O,**® to which 
Mulliken**® has added a component C'*' — O". Sutton*®* has 
reached similar conclusions on the basis of dipole moment 
calculations : it is found that C = O and C = 0 correspond to 
moments of —2 ’7 and 1*4 respectivdy, from which further 
support lor the theory of an equilibrium mixture is derived. 
The case in favour of a resonance mixture in CO is thus rather 
strongly upheld. It may be further argued that CO bdiaves as 
if consisting of molecules in which a triple linkage, more polar 
thsm that of N 2, is found. Evidence derived from bond con- 
stants and mean restoring forces of molecules of similar type 
lends some weight to this view.*®* 

Plwsgene^^ has a much higher moment than CO, doubtless 
due to the additional asymmetry introduced by the addition 
of two C-Cl moments. Iron pentacarbonyP^ is assigned the 
moment 0-64. It is suggested that in Fe(C0)5 one CO group 
is attached to Fe differently from the other four, as in the 
structure of SbCls (see Section 42K bdow). This structure 
seems to be supported by the chemical behaviour of iron 
pentacarbonyl. 

((',) Water and Hydrogen Peroxide. An as3nnmetric 
model of the water molecule was suggested, prior to the theory 
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of dipoles, on thermal grounds. Boltzmann found that the 
molecule possessed energy of rotation in three directions at 
right angles. Nernst®®^ measured the molecular heat of water 
vapour at constant pres.sure at low temperature, and found 
Cp = 7 ‘94 -= 8J?/2, which gives the molecular heat at constant 
volume C„ = Cp — R — 6R/2 = 5-95 This corresponds to six 
degrees of freedom, three of which are of translation in three 
directions at right angles. If the remaining three degrees of 
freedom are of rotation, there must be three axes of rotation at 
nght angles in space, which would not be provided by a linear 
model. Further, the ratio Cp/C^ = 1-33, whilst a linear 
S3mimetrical model requires 1*4. 

Vorlander (dissertation with Weber, 1914)®°® suggested a 
triangular model for the water molecule, having the (tetra- 
hedral) angle 109°, as an outcome of a study of the properties 
of certain organic liquid crystals. 

Rubens and Hettner,®®® in the course of a study of the long- 
wave absorption spectrum of water vapour, suggested the 
model of an isosceles triangle. It was found that the molecule 
possessed three degrees of freedom of rotation in agreement 
with the thermal evidence , there would therefore be three axes 
of rotation and three moments of mertia This was confirmed 
by Eucken®®® from the separation of lines in the infra-red 
absorption band, the following values being found . 3-20, 2-25 
and 0-975 X 10-®®. More recent estimates are 2-955, 1-907 and 
i-og X 10'®®®®® The three axes at nght angles are .shown 
diagrammatically in Figure LXXXVI. 

Mecke,®®® after a recent careful analysis of the vibration- 
rotation bands of water vapour, has adopted the triangular 
model, with an angle of about 104° between the two oxygen 
valency directions. This seems to be the best estimate at 
present available. 

Other estimates of the apical angle of water may be bnefly 
noted : Reis®®® 90° ; Cuy®®’ 109° , Wolf®^* 110° , Piccard®®® 
120°. Land6®®® and Hund®®® also found triangular models by 
calculation. The treatment of Debye®®^ is given in the 
Appendix to Chapter XIV (Section (4) ) . The method of 
calculation is of more interest than the actual result (64°) Tins 
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may be compared with the more recent estimate of 134®,“® a 
value nearly twice as great. The nearest distances are 0 -H 
0*972, H-H 1*516, for an angle 102° 30'.®®® 

A mean value of the dipole moment of Avater vapour may be 
taken as 1*85 The fall in the dielectric constant of water on 
freezing, from 80 to 3*2, may be associated with partial loss of 
rotation of the dipole molecule on solidification According to 
Smyth and Hitchcock,®^® ice behaves as a very viscous liquid. 


I 

I 

I 



Figure LXXXVI — Structure of the Water Molecule (Debyo) 

and shows dipole rotation. Other cases of changes in dielectric 
constant on freezing are discussed in this Vol. ; 28B. 

The dipole moment of hydrogen peroxide was found to be 2*13 
in dioxane, and 2*06 in ether solution (Lmton and Maass®®). 
Theilacker®®® adopted the angle 110° for HgO,®®* and calculated 
Mon = Mii.,o/2cos55®. Assuming free rotation about the 
central 0-0 line, and that the oxygen valency angles were as 
in water, it was found that /tHjOj ~ MoHsin70°-\/2 gave 
good agreement with expenment (for basis of the formula, 
see ®®) The calculations of Penney and Sutherland,®®® how- 
ever, suggest an uns3nnmetncal model of the tjqie HOOH, with 
different angles between the two O valency directions, and 
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'without free rotation about the central linkage. Similar con- 
siderations may apply to hydrazine (Section 42H below). 

(D) Hydrogen Sulphide. The moment is about 
Hund®i“ adopted a triangular model as for ■water. Hampson, 
Farmer and Sutton“® find the angle between the S ■valencies to 
be 118“ in diphenylsulphoxide, and suggest that the angle is 
probably smaller than this in HjS. 

(E) Carbon' Dioxide. The small moment of o-o6 found by 
Zahn has been gradually reduced to zero by later observations.** 
Eucken®^® and Rawlins®^® have considered the X-ray structure 
of solid COj, the molecular heat, and the dipole moment 
estimates, and conclude that a linear, symmetric^ model OCO 
■will best account for the facts, in agreement ■with independent 
spectroscopic e'vidence. The linear form of the molecule in the 
solid state appears to be preserved on sublimation. 

(!■') Nitrogen Oxides. An early value of the dipole moment 
of nitrous oxide was 0-25 : later measurements by Ghosh and 
Williams gave zero moment.*® Czerlinsky®” and Watson, Rao 
and Ramaswamy®** find /tt = o-i4 (±0'02) and o-iy 
respectively. The linear uns3anmetrical modd NNO may 
account for the facts, and wo^d explain the relative case of 
removal of O better than the model NON. Sutton®** suggests 
that a resonance mixture of N±;N =0 and N=N ->0 may be 
present. 

Nitric Oxide has been assigned 0-07 (approx )®“ and 0‘i6.®®* 
The orientation polarization seems to be small, though definite, 
perhaps associated ■with the odd number of molecifiar electrons, 
and the presence of a single electron bond. It may consist of a 
mixture of N = O and N±; 0 .®®® 

Zahn®^® found the dipole moment of nitrogen -peroxide to be 
0*39 for NOg and 0-55 for NgOi molecules, measurements being 
made on equihbrium mixtures of the two gases. The apparent 
increase of moment ■»«& association seems striking, but no 
great accuracy is claimed for the numbers, which may represent 
upper limits only. 
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(G) Sulphur Dioxide and Derivatives. A high moment of 
the order of i.6*® is reported for sulphur dioxide, indicating 
asymmetric structure. Two semi-polar bonds inclined to each 
other would appear to account for this result. 

Thionyl chloride, SOClg, and sulphuryl chloride, SO2CIJ, have 
been assigned the respective moments 1-38 and i'64.®®® It is 
suggested that semi-polar links raise the moments. A rough 
estimate of the moment of sidphur chloride, SClj, is o-56.®®® 

(H) Ammonia and Hydrazine. The electric moment of 
ammonia gas is about 1*46.*® Kossel®®^ postulated a polar 
composition of the molecule, N“ ' " holding three H"'' ions 
symmetrically in a plane. On the other hand, Huckel®®* 
regarded the linkages as homopolar, as in the substituted com- 
pound NH2CH3. Piccard and Dardel,®®® considering the 
stereochemical result that the four valencies of co-ordinated 
nitrogen are directed towards the comers of a regular tetra- 
hedron, suggested that even where three valencies of nitrogen 
only were satisfied, the nitrogen atom might lie outside the 
plane of the three hydrogen atoms, thus conferring dipole 
moment. Hund®^® considered a polar structure in which the 
four ions fonped a tetrahedron with three equal side faces. 
Robertson and Fox®®* argued from the relatively large tem- 
perature coefficient of dielectric constant of ammonia that the 
molecule possessed tetrahedral symmetry, with the nitrogen 
atom possibly at no very great distance from the plane of 
hydrogen atoms. The model is shown in Figure XCIV (see 
Section (5) of the Appendix to Chapter XIV). The height of 
the pyramid is computed as 0-38, and the nearest distances N-H 
1-02 and H-H 1-64 A.U.®** 

The moment of hydrazim, N2H4, is found to be 1*84.“ 
Although a S3nnmetrical model with free rotation about ^e 
central N-N linkage is possible, Penney and Sutherland®^ 
postulate a skew arrangement as the most stable configuration, 
as in the case of hydrogen peroxide. 

(J) Phosphine and Arsine. The moments are found to be 
0-55 and 0-15 respectively (Watson*®). There is decreasing 
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moment from ammonia to arsine with increasing molecular 
weight, as in the series from HCl to Btl and from HjO to HgS. 
It seems reasonable, adopting tetrahedral frameworks, to 
ascribe increasing flattening to the structures, with decreasing 
tetrahedral height as the central atom increases in size from 
NHs to AsHj. The same kind of effect may operate with 
successive replacement of H by CH, in the series from NHs to 
N(CH3)s.“« 

(K) The Halogens and Non>hydride Halides. Williams 
and Allgeier®*® found the very considerable moment of 1*4 for 
ioivne dissolved in benzene, whilst Muller and Sack®** gave i'2 
for the red solution in the same solvent. The moment is zero 
when mcasmements are made on the violet solutions of iodine 
in hexane and cyclohexane. The moment in benzene appears 
to be due to polarization of the iodine molecule by the solvent. 
Some difference of opinion has evidently existed as to whether 
the free gas halogen molecules have moment or not. Williams 
and Allgeier quote moments of 0-58 and 0-13 obtained by 
Smyth in calculation for bromine and chlorine respectively 
These numbers apparently refer to the liquid states of the two 
halogens, and it is extremely doubtful whether they apply to 
the vapours According to the very careful measurements of 
Luft*® on bromine vapour, the moment is zero to within o-i 
The moments of all the halogen gases are presumably zero, in 
accordance with their symmetrical structure Liquid bromine 
has been assigned the moment 0*49 Ions may be present in 
liquid bromine and iodine, as the evidence of electrical con- 
ductivity requires (Vol. i : 20C). The moments of iodine 
inonochlonde (0’5*®) and iodine monobromide (i-o*®) suggest the 
presence of polar and unsymmetrical molecular structure 
The moments oi potassium chloride (6’3) and iodide (6-8), and 
of sodium iodide (4-9) have been estimated by the molecular ray 
method.®*^ An error not greater than '■5% may be present 
Amongst bivalent halides, the moments of beryllium chloride 
and bromide have been found to be zero.®*® The case of SCI2 is 
mentioned above 

A convement list of moments of compounds of MXg type has 
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been prepared by Sm3d:h,®® The following shows the leading 
results in somewhat more extended form : 
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The moments of compounds of MX3 t3?pe vary to some 
extent in different solvents The results indicate a senes of 
inequalities, the moments of the following molecules descending 
in the order SbClj, AsCls, PCI3, PBr j, PI3. Here SbCls may be 
supposed to be of pyramidal form with the most acute apical 
angle in the scries, whilst PI 3 is the flattest molecule. It is 
evident that increasing radius of M and of the halogen X act in 
opposite directions in these cases.*®’ The change in moment 
from PCI3 to PI 3 IS also oppo.site to that from NHs to AsHs.®®" 

Malone and Ferguson*** have prepared an electronegativity 
.scale, based on the order of the X-H link moments : increasing 
electronegativity follows the order As, P, I, S, Br, Cl, N, 0 , F 
(sec this Vol : sgAa). Appreciable moment is predicted for all 
Inhalidcs ol the fifth group, except PI3 and NClg, where the 
atoms concerned do not dilfer greatly in electronegativity. 

Solid AsFs has the moment 5*7.®** Addition compounds of 
tnhahdcs with organic compounds have been studied.*®* The 
zero nionicnt ol AIBrg in CS3 may be attributed to association 
to form AljBrj molecules (The result was obtained by the 
optical relraction method, and not by extrapolation to infinite 
dilution ) 

Synimctiical tetrahedral models have been proposed for 
vSiCl*,*** TiCl^,*** SnI**** and GeCl*.**® In the case of SnQi, 
inonients of 0'8®** and 0888.331 recorded. The S37mmetrical 
structures are confirmed by the X-ray evidence (this Vol. : 8), 
whilst the moment of SnCl* may perhaps be explained by a 
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somewhat deformed tetrahedral structure. Various organic 
addition compounds of TiCl4 and SnCl* have been examined,®** 
also organic ethyls of SnCl*.®** The moment rises considerably 
on replacing two Q’s by ethyl groups, but falls off again to 
Sn(CaH5)4, where symmetry is again restored. Bergmann and 
Engel’s results on T1CI4 and SnCl4 have been questioned by 
Ulich and collaborators.*®^ 

Simons and Jessop*®* have found zero or very small moments 
for PCls and SbCls in CCI4. Bergmann and Engel,®*® however, 
found a moment for SbClj in CCI4 of i'i4, a widely different 
result. It is suggested that m compounds of this tjrpe the 
presence of moment may be attributed to one Cl atom being 
differently attached from the other four to the central atom. 
The model suggested is like that proposed for Fe(CO)5, with 
four attached groups at the comers of a square basal plane of a 
pyramid, the other group occupying the apex. The central 
atom will lie somewhere on the middle line of the pyramid 
perpendicular to the base and passing through the apex. In 
view of the conflicting experimental evidence, however, no 
great weight need be attached to this suggestion, until the 
question of presence or absence of moment in compounds of this 
type is cleared up. 

Bergmann and Engel*®* have suggested a simple relation 
between the nearest distances M-X m compounds of the above 
types MX, MXg, MXg, MX4 and MXj, as follows ; — 

" 'Vs “ 

This formula was applied to intemudear distances of the 
chlorides, in order to ascertain the separations B-Cl, P-Cl, 
As-Cl, Sb-Cl and Sn-Cl. Taking the radius of the Cl atom as 
1*07, it was possible to deduce the atomic radii of the non- 
halide atoms, with good general agreement with independent 
evidence. On the other hand, the relation gave too low values 
for the intemudear distances of the hydrogen halides HX. 
The assumption virtually is y,® = a, the polarizabihty. Clark®^® 
has shown that strict equality does not hold, but that pro- 
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I)ortionality between a and r/ is observed for th« 
iialides, according to the relation 

a = 1-242^,* 

A similar relationship has been suggested by Goss,“° as 
lows : — 



'I'hc " polarizability factors ”/of a number of simple di-atoms 
have been calculated, and shown to stand in linear relationship 
N\ith the group number « in a given period. Hiickel*®® has 
(•riticized Bergmann and Engel’s work on the basis of equation 
(!<)) on the ground that it gives only upper limiting values of 
intcmuclear distances, and that, especially when considerable 
(ii]>ole moment is present, the errors may be large, as great as 
lu'*', (SbCls) The authors have replied to this objection.®®* 
Hv combining (19) and (21), we get an upper limit for/ = 16/9 
I -78. 

Bergmann and Engel’s research has also been subjected to 
.some criticism on the ground of experimental detail. ®®’ In 
spite of this, the work seems to constitute a notable advance in 
the application of stereochemistry to the Clausius-Mosotti 
formula. 


(L) Silver and Lithium Perchlorates. The solubility of 
ArCIO* in CsHa has been examined by Hill,®®* who found 
iiKlication of complex formation AgClOiCgHg. Williams and 
Allf-cicr®®® assigned the large moment 47 to the molecule in 
dilute solution in benzene The still larger moment of 7-84 has 
bcon assigned to LiClO* in dioxane.®®* 


(M) (liises ot Zero Moment. In addition to cases men- 
tioned in preceding sections, the following have zero, or 
siniill, moment : Na, K, P and S and the gases He, Ne A, Kr, 
Xc, Ha, O2. Na and SF**® The symmetry of the ^atomic 
g,;ises Ila, O2 and Na is confirmed by the absence of infra-red 
absorption bands from their spectra. x j * 

Attention may be called to the fact, previously noted, that 
tlio polauzation of COg and NH, increases dowly with density 
0 409 



THE FINE STBUCTUBE OF MATTER [3001 43 A 

in defiance of the requirements of the Clausius-Mosotti law, 
whilst the polarization of CH 4 , N 2 and Hg is independent of 
density.®*® No satisfactory explanation of these results appears 
to have been found. 

It may be argued that some of the results described in 
foregoing paragraphs may be inapplicable to the free molecules 
on account of possible interaction with the solvents employed. 
Definite evidence of such interaction exists in some cases, and 
seems to be indicated wherever the moment of a given substance 
varies in different solvents. Such interference can perhaps only 
be considered to be entirely eliminated in cases where the molar 
polarization of the solute Pg/j gives a linear relation with 
concentration, that is, where the contribution Pg made by the 
solute is constant. Fortunatdy, in a considerable number of 
cases, this condition is fulfilled : where it is not, it must appear 
that deductions which neglect the possibility of interaction 
must still be accepted with some reserve. 

43. Dipoles and the Kerr Effect 

(A) General and Theoretical Results. It was discovered 
many years ago by Kerr that carbon bisulphide became doubly 
refractive for a hght ray passing perpendicular to the direction 
of an applied electrostatic field, the difference in refractive 
index for vibrations in two directions at nght angles being 
proportional to the square of the field intensity for a given wave- 
len^h.®*® Cotton and Mouton®** observed the similar effect 
for an applied magnetic field. The further study of these 
phenomena in more recent times has thrown much hght on the 
problem of molecular structure in connection with the theory 
of polar molecules. 

Figure LXXXVII depicts two parallel plates between which 
a large difference of potential F may be maintained in the 
medium placed between them. Let a plane polarized light ray 
pass in the direction OY parallel to the plates, the vibrations 
being at right angles to OY. If the polarizmg and analysing 
nicols are set so that no light escapes at Y, it is found that 
light begins to pass the second nicol when the field is applied 
along OZ, at right angles to OY. Then according to the Kerr 
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Effect, the indices of refraction for vibration components of 
the light paralld to OZ (r,) and to OX, at right angles to OZ 
(»',), will be different, the difference being proportional to 
square of field strength E® for given wave-length. A. The 



Figure LXXXVII — ^Thb Kerr Eefect. 

general formula for the Kerr constant B for a vapour sufficiently 
rarefied to obey Boyle’s Law is then 



'I'lie phase difference f^D] is given by the relations 

\AD\ - = 2^BIE^ = 2n[AX\ = . . (23) 

whcic I Is the length of the light path, and a is the distance 
between the plates. Tliese equations embody[Kerr’s Law. 

'1 he Kerr Eflect has found mterpretation in terms of the 
optical ani.sotropy of molecules, according to which their 
induced polarizabilities may be different in different directions. 
Norinally, a group of anisotropic molecules behave as if 
isotropic, because the molecular axes are distributed at random 
III diltcTcnt directions, so that the net effect in any one direction 
IS the same. 'I'hc Kerr Effect is of importance in revealing the 
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anisotropy of individual molecules. Havelock**® related to- 
gether the Kerr and ordinary dispersion, as follows : — 


B 


c (r® — i)® 
I* “fA 


(24) 


where r is the ordinary refractive index, and c is a constant 
independent of A, a relation known as Havdock’s Law. 
Silberstein*** examined departures from additivity of molecular 
refraction, and concluded that contributions made by isotropic 
atoms cannot give correctly the resultants of anisotropic 
molecules by simple addition. The transverse and axial 
refractivities were calculated in simple cases, and it was found 
that neither possess strictly additive character. 

In respect of its optical distortion, a molecule may be 
represented by a polarization ellipsoid, having three per- 
pendicular axes, along which the polarizabilities are respectively 
6a> so that the mean polarizabihty a is given by — 


^1 4 ~ 3 

3 ~ r* -f 2 ' 4irJV 


• •• (25) 


where N is the number of molecules per c.c. of medium. In an 
dectric field, the molecules will tend to set themsdves so that 
the direction of highest polarizability will be paralld to the 
fidd direction, except when rj>r, and B becomes negative. 

Gans*" found that the optical anisotropy of a molecule 
might be measured by a quantity S, related to the depolarization 
factor J (ratio of intensity of light scattered paralld and at 
right angles to the direction of the incident beam), as follows — 

« _ _ (l>x-b,y+(b2-bs)>+(l>s-l>iy 

- 6-7^ - 2(61 + 6* -H 6,) ■ ■ ■ ■ ^ ^ 

For completdy symmetrical molecules, 6i = 62 = ^*> so that 
J = ^ = o (see this Vol. : 45). The J’s are not, however, 
alwa37s accuratdy known from experiment. 

Langevin®*® gave an account of the Kerr Effect on the basis 
of the optical and dectrostatic anisotropy of molecules, the 
orientative action of the applied fidd being due to the couple 
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exerted by it on the induced dipoles of the molecules of the 
medium. Bom**® extended the theory to take account of the 
effect of the fidd on permanent electric dipoles, if any, which 
may be present. A convenient summary of the argument has 
been given by Beams,**® so that results only need be given here. 
Other works which may be consulted are due to Meyer and 
Otterbein,*®^ Wolf, Briegleb and Stuart,*®* and Stuart and 
Volkmann.*®*’*®* 

The result of the Langevin-Bom theory may be expressed as 
follows, m terms of new Kerr constants K, K-y, : — 


K 


BX 


r 

where 


rE^ 


wlV’r(y®+2)(«+2) 
■^L 3 


]\9y+d^^Ky+K^...(27) 


45*^ (28) 

and 

a _ — ^8) + 

" 45**?^ (M8“-/*i“)(&8-&i)] (29) 


The Kerr constant K may thus be split up into two parts, Ky 
{■—SirNdj) and Ky {=‘ 3 'irNd^, of which Ky refers to the induced 
polarizabilities and K2 to the permanent electric dipoles. The 
values of Uy, a^, correspond to the electric polarizabilities 
along the three axes under the applied electric held. The 
moments ny, 1x2. ^ire the components of [i along the same 
optical axes k is Boltzmann’s constant, and 2 ' the absolute 
temperature. Molecules without permanent moment have 
K Ky, K2 ■- — 0. 

The three relations (25), (26) and (27) enable estimates of 
by, 62 and J3 to be made. In general, the equations take some- 
what simpler forms in the case of gases (see Section B below). 
The direction of the permanent dipole may also lie along one or 
other of the axes of the optical ellipsoid, enabling certain simple 
conclusions to be drawn. Thus if 6* = 63, for fi = iiy, 
H2 = 1^2 = 0, 02 — 2ii?[hy — ig) , whilst for jx — fi 2 or /ij, 
with the other two components of moment respectivdy zero, 
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Og = — 2ft*(6i — bi). Hence ^2, and therefore K^, is positive 
when the dipole lies along the axis of greater polarizability, and 
negative when the dipole is at right angles to the axis. In the 
latter case, if Ka>Ki, K = Ki + Kg will be negative also. The 
following results should hold: — 

(a) K, and therefore B, can be either positive or negative ; 

(b) Ki can only be positive ; 

(c) Kg can be positive or negative : when positive, the dipole 
lies along the axis of greatest polarizability, and when negative, 
the dipole is inclined to this axis ; 

(d) a diatomic molecule has the direction of greatest polariza- 
bility along its intemuclear line ; 

(e) a plane molecule has the greatest polarizability in the 
plane, and the least at right angles to the plane. 

It is noteworthy that molecules having dipole moments often 
have negative Kerr constants, especially when the moments are 
relatively large, and that no molecule known to lack permanent 
moment has ever been found to have a negative constant 
This provides a striking confirmation of the theoretical pre- 
dictions 


(B) Results on Gases. We may first simplify the relations 
given in the preceding sub-section to the case of gases, where 

(a) the refractive index r does not differ appreciably from unity, 

(b) there is an axis of symmetry, so that bg = bg. 

Equation (25) then gives 


a - h-\- 2 bg _ r^-x 3 ^ ( y-H)(r-i) _3 ^ ^2(y -i) 3 ^ 

3 y*-t-2 ' ' y®+2 ’ ’3 47riV’ 


so that 


y— I ^ &i-f2f>a 

2 irN 3 


■ ••• (30) 


The Gans relation (26) takes the form 


M _ 5 ^ _ (^1 ^2)^ 

6-7J {b^+ 2 bgy 
or, putting (61-1-262)* = 9a*, 


(61-62)* = 
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Further, equation (27) reduces to 

so that 

K = 3^N{e^+d,) (32) 

Cans®*’ also introduced the approximations 


"1 = 1® = "J = tVli' = , 

61 6j Js r®-i r-i ’ 

so that (28) becomes, on substitution, 

6 A 

^ 2kT' '6-7A 


(28a) 


giving, by Ki = SiriV^x, insertir^ the values of the constants, 
at N.T.P., 

Ki = 472 X io-’(y-i)(r„ -i) . .... (33) 

Finally, if jn = fii, and fij = f*s = o» from (29). 

*. - 45 ^f. ( 34 ) 

which undergoes further simplification when &a = ^a- 
A few results on non-polar molecules are first considered. 
Chlorine Cla*®®’®®® has = 1-000782, a == 4-61 X io~**, A = 

0- 043, /* = o» Ka = o. whence, by equations (30) and (31), 
= 0-60 X io~®*, 6a - ^3 = 3*62 X 10“*®. Further, r^ — 

1- 00076, so that, by (33), — +2-1 X 10“ 1®, in good agree- 

ment with the experimental figure 2-3 X io"i® (Na-D line, 
760 mm., 2-1 °C.) Here the 61 is the internuclear axis of sym- 
metry, and the Erection of greatest polarizabihty, in accordance 
with the positive sign of the Kerr constant. Other linear, 
non-polai molecules treated in similar fashion have yielded the 
following results • acetylene CgHa, 61 = 5-12, 6* = 63 = 2-43 ; 
carbon dioxide COj, by = 4-10, = = 1-93 ; carbon bisitlr- 
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e CSj, 61 = 15-14, 62 = 63 = 5-54; nitrous oxide NjO, 
- 5 ’ 32 , 62 = 6, = 1-83 (Xio~®®). In all these cases, the 6i 
an axis of sjmimetry. There is some douht, as already 
pointed out elsewhere, whether the dipole moment of nitrous 
oxide is zero. The Kerr Effect gives K (expt ) = 3-08, Ki 
(csilc. by (33) ) = 2-68, so that = K—Ki = 0-4 x 
which gives an upper limit for fi of 0-14. Hence the linear, but 
unsymmetrical, model N = N = 0 is suggested, in agreement 
with independent evidence. Sometimes relatively large K’s 
occur even for non-polar molecules, as in the case of CS3 
{K = 21-0 X 10“^®). 

As an example of a plane molecule without moment, we may 
dte benzene CjHg, for which isT = 5-8 X io~^® at 760 mm. and 
I05°C., A = 0-042, = 1-001821, whence 61 = 6-76, 62 = 

6j = 12-7 X 10“**. Here 61 measures the polarizability per- 
pendicular to the ring plane, whilst 62 and 63 are in the plane.®®* 
Stannic chloride SnClg provides an example of a non-polar, 
non-planar molecule.*®* It is found that Kg = o±o-5 x 10"^® 
and the anisotropy appears too small to support the pyramidal 
model of Bergmann and Engel, with fi = o-8.*®® Taking the 
Sn-Cl distance as 2-36, and Cl-Cl as at least 3-0, an upper limit 
for the pjTramidal height is found to be 0-95. For such a flat 
pyramid, the axis of greatest polanzabihty would he in the 
plane of the four Cl atoms, and the anisotropy would be 
considerable. This argiunent therefore indicates tetrahedral 
structure for SnClg. 

Ramanathan®'* studied the scattering of light by molecules 
of hydrogen, nitrogen and oxygen. Assuming spherical 53^1- 
metry, molecular radii were obtained in close agreement with 
the kinetic theory " free path ” values. It was also found that 
the carbon atoms in benzene were arranged in a puckered 
formation. It would appear unlikely, however, that the 
spherical form of the first three molecules studied can correspond 
to reality, since they are of the dumb-bell diatomic type, whilst 
the conclusion about the benzene nng does not find confirmation 
in the X-ray evidence (see this Vol. : i4Aa) 

An appreciable difference between ^(expt.) and Ai(calc.), ox 
a negative value of K, may be taken to indicate the presence ol 
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polar molecules. Hydrogen chloride HCl*®®'*®*'*®* has iiC(expt.) 
= 575 (Na-D line, 760 mm., i8°C), /* = i-034,*®®rD =■ 

1*000447, »'oo = ^■o°° 435 - Taking A = o*oi, equation (33) 
gives Ki = 0*15, so that — K—Kj = 5*60 x io“i«. The 

positive sign of if 2 shows that the axis of greatest optical 
polarizability coincides with the intemudear line. Stuart and 
Volkmaim®®* give 61 = 3*13, = 63 = 2*39 x io“**, n = jiti, 

i“2 = /*3 = 0 * Raman and Krishnan®’® reversed the method of 
calculation, using Kerr constant data to deduce n = 1*04, in 
good agreement with experiment. Some interesting conclusions 
also follow by comparing equations (20) and (30), from which it 
appears that 63 are proportional to the cube of intemudear 
distance for the four halides HF, HCl, HBr and HI. If this is 
accepted, it follows that the four molecules have equal aniso- 
tropies, the constants being <i — 0*1004, ^ = 0*0119. is 
also found that the polarizabilities along the long axis are equal 
to those of the corresponding negativdy charged halogen ions. 
Clark®'® has thus estimated the Kerr constants of the four 
gases 

Planar molecules having dipole moment are exemplified by 
hydrogen sidphtde HaS,®®* and sulphur dioxide SOa.*®® In eadi 
case, 6a are unequal, the direction of smallest polariza- 
bility 6 a is at right angles to the molecular plane, and -- nz, 
jiii = /la = 0. For HaS, 61 = 4*21, 63 = 3-21, K = 3'93 X 
10' ®® with a small positive Kerr constant, suggesting that the 
molecule sets itself in an electric fidd with a direction of greater 
optical polarizability 63 along the fidd direction. SO a has 
K ~ 5 ' 49 > ~ 2*72, 63 — 3*49 X 10“®*, with a negative Kerr 

constant, so that the dipole direction 63 is at right angles to the 
direction of greatest optical polarizability 61, and the molecule 
sets itself with a direction of smaller polarizability 63 in hne 
with an applied dectric field. More accurately, perhaps, the 
difference in the two cases is shown by the relativdy large 
6i--6a in the case of SOa as compared with HjS. 

Non-planar, polar molecules are represented by ammonia, 
NH3,®®* having a pyramidal molecule. The Kerr constant is 
positive, and the moment lies along the central axis of the 
pyramid, wliich is also the direction of greatest optical polariza- 
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biHty. Assuming rotation S37imnetry about the central axis, 
the data give == 21*8, Sg = 24-2 x 

A large number of other cases have been studied, amongst 
which may be mentioned methyl and ethyl chlorides, methyl 
bromide, u-propyl chloride, ethyl eHher and acedone. The sum- 
mary of results given by Stuart and Volkmann®*® may be 
consulted for further information. 

The temperature and pressure variation of the Kerr constant 
has been found to be in agreement with theoretical prediction 
in the case of gases, including carbon The 

effect of changing wave-length (4,000 to 7,500 A.U.) has also 
been studied in this gas, the results being found to be in better 
agreement with the Langevin-Bom theory than with that of 
Havdock (see equations (24) and (27) above )®“ 

(C) Results on Liquids. Liquids are generally easier to 
experiment upon than gases, but the interpretation of the 
results is much more difficult. This may be due in part on the 
experimental side to the efiect of the presence of impurities, and 
on the theoretical to the difficulty of allowing for the complex 
interactions of neighbouring molecules Hehlgans®*® has shown 
that the deviations in the Kerr constant of mtrobenzene may be 
attributed to impurities, and that for the highly-purified 
substance Kerr’s Law holds. 

When molecules of similar structure are compared, it is found 
that the Kerr constants increase regularly with increase in the 
values of Pa -h Po. the sum of the atomic and orientation 
contributions to the total polarization of liquids Thus 
Ebert using measurements of Leiser, showed a progressive 
increase of the two numbers from para- to meta-, and from 
meta- to ortho-xylol , also in the two series benzene, ethylbenzene, 
toluene ; mesitylene, toluene, meta-xylol, associated with 
increasing asymmetry of the molecule. Examples may also be 
found in the aliphatic series of compounds : carbon tetrachloride 
and tetranitromethane have very small Kerr constants, unsym- 
metrical derivatives of methane as methyl chloride, mtromethane 
and acetic acid have much higher values, whilst those of 
methylene chloride and chloroform are increasingly negative 
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The attempts to obtain more accurate relations for liquids 
•wiU be considered quite briefly in view of the stiU. tentative 
nature of many of the results. Considering non-polar molecules, 
the relation between the optical constants of a liquid and the 
depolarization factor A are uncertain, but if we may follow 
Raman and Krishnan,*®* we have a rdation of the t3^e (27), 
with it 2 = 0, and instead of (28) and (33) 


8waN * 6 - 7 A 


(35) 


where jS is the isothermal compressibility of the liquid, and 

B = ^(>-^-i)(y =‘+a)(€- i)(6+2) J_ ... 

24wrA ' 6— 7 A 

This equation was u.sed by Raman and Krishnan®®® to compute 
B for non-polar liquids, and although the theoretical numbers 
proved to be of the same general order as the experimental, 
numerous deviations were found to exist. 

In the case of a polar liquid, the value of 62 is no longer zero, 
and may be difficult to estimate, since the ellipsoid of the gas 
phase may be distorted. The most satisfactory theory proposed 
up to the present appears to be that of Raman and Kiishnan,®®® 
according to which 

B (37) 

4^^A o 


where d^', d^' have the same forms as for gases (28), (29), but the 
a’s and b’s have different meanings.*®® Using data obtained by 
experiments on the scattering of X-rays by hquids (see this 
Vol. • 16), it is sometimes possible to evaluate B. It is claimed 
that rather better agreement is obtained than by the use of the 
Langevin-Bom theory. The significance of this modification 
appears to be that a molecule, itself anisotropic, is assumed to 
be surrounded by an anisotropic fidd of surrounding molecules, 
whereas in the Langevin-Bom theory the surroundings are 
assumed to be isotropic. 

An interesting experiment was performed by McFarlan,®** 
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vto replaced the crystal of a Bragg spectrometer by a liquid 
placed mder a potential difference. The effect in mtrohenzene 
indicated that not only does molecular orientation occur around 
polar centres, but also an irregularity in the spatial distribution 
of the scattering centres is set up in consequence of the 
application of an external field. 

In this connection, it may be noted that Raman and 
Krishnan®*^ have suggested a modified Clausius-Mosotti 
relationship for liquids 


e— I 
6+2 


.n(: 


'4^a €—1 


)^3kT\ 


(4VIJ? 6 -^ 
€+2 


?) ... (38) 


where >]) and 6 involve the influence of the anisotropy of the 
medium on (P^ + ^a) Po respectively. Further details are 
given in the original paper, de MaHemann*®* has also modified 
the Clausius-Mosotti formula. 

Wolf, Brieg^eb and Stuart®'® examined the data for several 
liquids, and found that gKI{e+2y increased in the same order 
as the /It’s, in accordance with anticipation from a formula of the 
type (27). Negative Kerr constants were found for compounds 
containing NH2, OH, OCHg and OCjHj groups in aromatic 
compounds. These were explained in terms of angles between 
the valency directions from the N or 0 atoms, with consequent 
inclination of the permanent moment to the plane of the benzene 
ring. Raman and Krishnan had found earher that the alcohols 
had negative constants, the permanent moment lying between 
55° and go° with the direction of greatest polarizability. 

In studying the case of hquid mixtures, Bnegleb®*® introduced 
a molecular Kerr constant Mr given by 


M^=K 


^ V I y M 
>r®-t-2/ \6-i-2/ d 


and assumed that an additive law of the type 

Cl -f- Jlfj. C2 

12 1 2 


.... (39) 


(40) 


should hold in cases where interaction between the liquids was 
absent. Departures from additivity, and variation of the 
molecular Kerr constant of the mixture with concentration 
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were attributed to mutual influence between the molecules in 
the case of non-polar liquids, and to association in the case of 
polar molecules. The variation of anisotropy on passing from 
gas to liquid showed that the dipole-free molecules CjHg, CS* 
and C7H14 are similarly built, with the axis of greatest polariza- 
bility in the plane of the ring (C,Hj) or in the long direction of 
the molecule (CS2, C7H14). Molar Kerr constants in heptane 
solution extrapolated to infinite dilution were smaller than for 
the corresponding vapours ; thus in the same units, acetone gas 
and solution gave 55 "8 and 36-2 respectively. This was 
attributed to formation of complexes between the solute and 
the solvent. Amongst other liquids studied in heptane solution 
were ethyl ether, chloroform, toluene and meta-zy W. 

In a further communication, Bnegleb®*® divided liquid 
molecules into four types, as follows • (i) dipole-free molecules, 
which can orientate themselves mutually by the axis and plane 
of greatest polarizability; (2) molecules with polar groups, 
which may unite by virtue of their direction of greatest partial 
moment ; (3) molecules which induce moment in other 

molecules, and so combine ; (4) molecules united by “ valency ’’ 
forces. The dipole-free molecules may be subdivided into 
(a) those with no polar group present, yet which can exert forces 
on each other, as carbon bisulphide, benzene, naphthalene, diphenyl 
and phenanthreiie ; (b) those with polar groups, but without 
resultant moment, so that d-i decreases with increasing con- 
centration by association of the type — % as with -p-xylol, 

Tp-dichlorobenzene. In the case of dipole molecules, ^2 
decreases by increasing association with increasing con- 
centration, but may increase, when association is of the 
type — > — > , as with toluene and chlorobenzene, or decrease, 
when association takes the form as with acetone, chloro~ 
form, and ethyl ether. The experimental results were in accord 
with this theory. 

Stuart and Volkmann**’ have contributed to the subject of 
the molar Kerr constants of liquid mixtures. The il/g, of 
nitrobenzene at infinite dilution (5460 A U., zo^C.) was found to 
be loi in benzene, 150 in heptane, and iii X io~“ in carbon 
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tetrachloride. There was also a variation with temperatiire in 
many cases not in accordance with the Langevin-Bom theory. 
These deviations were attributed to association. The authors®*® 
have also considered the various avenues of approach to the 
problems raised by the association of liquids. It is found that 
molecular refraction is largely insensitive to association, and 
only changes by a small amount on passmg from gas to liquid. 
The orientation polarization, however, is smaller for liquids than 
for vapours, due to reduction of moment by association. 
Neither molecular refraction, which measures mean polariza- 
bility, nor orientation polarization, which is concerned with the 
mean moment, takes account of anisotropy, and to this extent 
may be inadequate experimental guides. The depolarization 

increases with temperature for liquids, finally reaching the 
value for the vapour ; the relatively smaller value for liquids 
may be attributed to association. The molar Kerr constants 
are also smaller for liquids than for gases, for which they are 
independent of pressure. It appears from this that deviations 
firom expectation on the ground of the Langevin-Bom equation 
may be attributed to association, but that no entirely satis- 
factory theory has yet taken its place. The Raman-Krishnan 
theory is found to be unsatisfactory, although Narasimhiah®'® 
has used it in the case of binary liquid mixtmres with some 
success. 

An interesting calculation has been made by Otterbein,®** 
which may be the forerunner of many further developments 
Measurements on the Kerr Effect of dilute solutions were made 
in order to obtain the anisotropies of free moleciiles, assuming 
the additivity principle. It was foimd that the Kerr constants 
of the dicUorohenzenes could be predicted, by tensor addition, 
from those of chlorobenzene and benzene. If this can be shown 
to be part of a wider generalization, Kerr constants may be 
capable of calculation, as in the case of dipole moments, 
considered in this Vol. : 39AC (ii). 

An investigation of the influence of field strength by Hoot- 
man®’^ has shown that Kerr’s Law holds to within about 0’i% 
for pure, non-polar[cfly6o« bisti^hide'yL-p to the highest^fields the 
liquid could sustain. In polar liquids, ethyl ether and chloroform, 
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however, easily measurable deviations with field strength were 
found. 

(D) Results on Solids. In considering the Ker r Effect of 
solids, at least two complicating factors become of importance : 
(a) time lag, and (b) electrostriction. In his original experi- 
ments on glass, Kerr found that the double refraction required 
several seconds to attain its full value, or to disappear when the 
field was applied, or removed, respectively. Such an effect is 
not characteristic of liquids. It is connected with Debye’s 
“ rclaxion time ” (see this Vol. : 31C, end). The formula gives 
times of the right order of magnitude in the case of viscous 
liquids. Electrostriction, or the setting-up of strains in the 
medium by the applied field, introduces double refraction, 
which may be difficult to disentangle completely from the Kerr 
Effect Some progress has been made (see *®®). 

(E) The Cotton -Mouton Effect. The influence of a mag- 
netic field is analogous to that of an electric fidd, so that we 
may substitute H (strength of magnetic field) for E m the 
relations (23), giving Cotton-Mouton’s Law. Treatment was 
given of the effect by Langevm and Bom,®*® the equations 
taking .similar forms, with magnetic in place of electrical 
anisotropies. Ramanadham®’® found the magnetic anisotropy 
larger amongst the aromatic than the aliphatic compounds, 
whilst the Cotton-Mouton constant C, which replaces B in (22), 
(23), is negative lor saturated chain compounds and positive for 
unsaturated compounds containing the carbonyl group or a 
benzene ring. The lengthening of aliphatic chains without 
unsaturated bonds tends to increase negative and decrease 
positive birefnngence.®’® The effects in benzene, carbon bisul- 
phidc, and nitrobenzene have recently been compared with the 
Langevin theory.®'® The dissociation of nitrobenzene in carbon 
tetrachloride and hexane by dilution or heat becomes assisted, 
with corresponding changes in magnetic double refraction.®’’ 
Ihekara®’® has recently examined acetic acid and other fatty 
acids, and acetic anhydride, and has discussed the applicabffity 
of the Langevin formula, especially with respect to vanations 
in temperature. As in the case of the Kerr Effect, Raman and 
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Krishnan®" have provided a modified treatment, based on the 
assumption of the anisotropy of the field around a molecule 
due to surrounding molecules in liquids. 

Oxygen gas under compression acquires a negative birefrin- 
gence in a magnetic field proportional to the pressure,®’* similar 
results having been obtained on nitrogen.^’* Liquid oxygen was 
shown in Onnes’ laboratory at Leiden to have a strong magnetic 
double refraction (negative), an observation which has been 
recently confirmed.®*’- 

A magneto-optical method for the chemical determination of 
minute traces of metals, notably calcium, has been described by 
Allison and Murphy.®*® The minimum light intensity passes 
the second nicol of a Cotton-Mouton cell when it is set at o®, 
and it is claimed that the amount of rotation possible before the 
minimum disappears depends on the concentration of the 
compound in the cell solution, so that it is possible to detect 
traces of substances in parts per io““ It is reported, however, 
that the method is unsuccessful, and even capable of yielding 
absurd results.®** This is also the general conclusion of Slack,®*’ 
who goes very carefully into the available evidence, and 
provides a list of 58 papers dealing with the subject. 

The magneto-optical effect in the case of feme oxtde hydrosols, 
discovered by Cotton and Mouton, has received much attention, 
notably by Heller.®*® Marshall®*® has also studied the orienta- 
tion of sol particles, but in an electric field. Substances obe5dng 
Maxwell’s relation between dielectric constant and square of 
refractive index give a positive double refraction, that is, the 
direction of larger index of refraction turns to lie along tlie 
linpfi of force. In the case of substances which show deviations 
from the relation, it is usually the other way round, and the 
birefringence is negative in equation (22), so that B is 

negative). The magnetic double refraction of tron arc smoke ’i 
has also been observed.®*® 

(F) Conclusion. Attempts have been made by de Kronig®*® 
to treat the Kerr Effect theoretically from the standpoint of 
the new quantum mechames on the basis of the dispersion 
-theory of Kramers and Heisenberg More recently, iurtlier 
analysis has been provided by Neugebauer®*® and Serber,®*® as a 
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result of which it is found that the quantum mechanics, besides 
leading to the classical Kerr formulse, gives the anisotropy 
relation (26), but only as a limiting case. 

In adchtion to the summary of Beams,*®®* and others already 
noted, a paper by Stuart,*® ° giving an account of the general 
application of the Kerr Effect to problems of molecular 
structure, is worthy of perusal by those interested in this 
matter. The application to sulphur iioxiie, ethers and hetcmes 
is explained in some detail. 

Investigations on the Kerr and related phenomena promise to 
throw much light on the anisotropic behaviour of molecules in 
optical, dectric and magnetic fidds. Unfortunatdy, the data 
on the experimental side are still meagre, and there seems to be 
a wide research fidd which will amply repay further study. 
Beams*®® says ' “ In the writer's opinion, there is an urgent 
need for more good experimental data on the Kerr Effect in 
both polar and non-polar gases and vapours, induding its 
variation with the wave-length of the light, temperature and 
density of the gas.” After emphasizing the necessity of work- 
ing over the visible region into the ultra-violet, and examining 
temperature ranges near the point of liquefaction, he adds : 
“ With these data at hand, our hypothesis concerning the 
dectrical and optical anisotropy of individual molecules can be 
rigidly tested : also an insight into how they interact with each 
other in forming a liquid wiU be obtained.” 

Su mmarizi ng, in the case of non-polar molecules, anisotropy 
(lack of equivalence of properties in different durections), lea<k 
to an orientativc couple exerted on them, originally in random 
distnbution, and introduces the effect of double refraction. 
When polar molecules are considered, the orientative couple 
may be attributed in part to the presence of permanent dipoles, 
the contribution made to the Kerr constant K {=Ki+K^ 
varying in different cases, and throwing light, by its positive 
or negative sign, on the lie of the electrie dipole with respect to 
the axes of the polanzation ellipsoid. The Kerr constant tends 
to increase with increasing as3nnmetry, and affords evidence of 
the polarity of molecules in good general agreement with 
conclusions reached on independent grounds. 
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CHAPTER XIV 


MOLECULAR FIELDS 
44. Historical Introduction 

The present chapter contains a brief review of methods which 
have been found useful in considering the problem of the 
various force-fields operating between molecules. A few intro- 
ductory remarks on the important issues raised by treatment 
by the new quantum mechanics are made in Section 47 below, 
no serious attempt being made to deal with the subject in this 
place (see Vol. 3 ; Chapters XII, XIII, XIV, XV) 

The deviations of gases from the requirements of Boyle’s Law 
at high pressures and the phenomena associated with their 
condensation into liquids require the postulation of an attractive 
or cohesive field between molecules even where permanent 
dipole moment is absent. Historically, there have been four 
leading methods of approach to the problem of molecular fields, 
which may be referred to as (1) the “ classical ” treatment, 
(ii) the van de Waals method, (m) the method of " intrinsic 
repulsive ” fields, and (iv) the treatment of the new quantum 
theory. The classical treatment was statistical, and was con- 
cerned with the probable distribution of molecules van der 
Waals assumed the molecules of a gas to be hard impenetrable 
spheres of finite and mvariable molecular diameter, and found 
a shortening of the mean free path leading to the expression 
P =RTl{V — b) for the pressure P, where b represents the 
fourfold molecular volume. To the nght side of this equation 
the quantity — a/F* was added, where a is the “ van der 
Waals’ constant ” for the gas. The latter correction was made 
as an outcome of certain general considerations drawn from 
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Laplace’s theory of capillarity. This led to the famiUar 
rdation 


(j?+^) {V-i)=RT (I) 


which was found accurately to reproduce the isotherms of a 
gas-hquid system. The equation is not, however, strictly 
applicable to liquids. The third method of treatment involves 
the assumption that in collision a pair of molecules come within 
the range of each other’s repulsive fields, which operate over a 
very thin shell surrounding the boundaries of the molecule. 
This means of attack upon the problem has been used by 
several authors, notably by Lennard-Jones (see Vol. i : igA, 
33 A). The assumption involved may be expressed by means 
of the equation for the force F between two molecules ; — 


F 


a ,b 


( 2 ) 


where a, b are constants for a given gas, m, n are the exponents 
of the attractive and repulsive forces respectively {n>m), and 
i is the distance between the centres of the molecules. The 
van der Waals model may then be viewed as one in which n is 
very large. It has been found that n = 15 accounts for the 
physical properties of certain gases. 


45 . Attractive and Repulsive Fields 

b'rom the experimental result that the refractive indices and 
dielectric constants of gases are greater than the corresponding 
quantities for a vacuum, it becomes necessary to suppose that 
the electrons of which atoms are composed are movable under 
the influence of light or an applied electric field, yielding induced 
polarization. This will happen in a similar way when one 
molecule enters the field of another. 

A molecule without permanent moment sufficiently far 
removed from other molecules and all polarizing agencies may 
be supposed to be so constituted that the centres of gravity of 
positive and negative charges accurately coincide. Let another 
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molecule of the same kind approach this isolated molecule in 
such a way that their fields begin to exert mutually p olarizing 
effects. The potential energy of a dipole induced by a field F 
does not vary as F, but as F^ (see Appendix 2(b) at end of this 
chapter), so that a computation of the " average squared ” 
field P* will lead to an expression for the potential energy 
between any two molecules in the case where a large number of 
molecules are present, as in an actual gas. Moreover, although 
the net effect of all molecular fidds is zero, it is found that P* 



Figure LXXXVIII. — ^Intbractiok of Two Dipoles on Approach. A 
represents the case where the two fidds are oppositely directed , B where 
they are in the same direction 


does not vanish as F does owing to chance orientation. Thus 
the interaction of two dipoles gives rise to an attractive term, 
whatever their orientation. This leads to the observed force of 
attraction between gaseous molecules. 

This suggestion regarding the origin of the van der Waals 
cohesive force was made by Debye,^ with the following 
illustration. Let A in Figure LXXXVIII represent the end-on 
approach of two dipoles in such a way that the fidds of the two 
are oppositdy directed. There is a repulsive force therefore 
between them which tends to shift the individual charges in the 
directions of the small arrows. The dipole distances and there- 
fore the dipole moments are reduced, so that the repulsion is 
decreased, which amounts to the presence of a subsidiary 
attractive force. In B of Figure LXXXVIII, the dipoles 
approach in such a way that the force between them is one of 
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attraction, and the fields are in tlie same direction, causing 
shiftings of the charges constituting the dipoles in such a way 
that their dipole moments are increased. Thus the force of 
attraction is further increased by interaction. It therefore 
happens that in aU cases there is an attractive effect, by inter- 
action between two dipoles tending to decrease repulsion or 
increase attraction as the case may be. The argument may be 
extended to the more general case of the approach of dipoles at 
any angle. 

The theory gives an explanation of the cohesion of the inert 
gases. Helium is the most difiScult of the series to liquefy, 
because its atom is the smallest and therefore the least 
polarizable. Hydrogen is correspondingly difficult to condense. 
The behaviour of diatomic homopolar gases has been explained 
by Keesom^ as due to the presence of polarizable molecular 
quadrupoUs, at any rate for high temperatures and diluted state. 
The Bohr model of a hydrogen atom assumes an electron to be 
rotating in orbital motion about a positive charge of equal 
magnitude to that of the electron. Such a model finds an 
electrostatic analogy in a rod equally and oppositely charged at 
opposite ends, representing a dipole. A Bohr model hydrogen 
molecule assumes two electrons, opposite to each other in the 
same orbit, revolving midway between the two positive charges. 
There are then four charges in the molecule, which may be 
regarded as forming two dipoles so situated as to compensate 
their electric moments and to constitute a quadrupole. Two 
such molecules on approach may then be supposed to direct 
each other in such a way that attractive forces arise as in the 
cases considered by Debye. 

Langmuir’s classification of the effects of the force-fields of 
molecules is noted elsewhere (Vol. i : 33D). 

A molecule whose field is entirely attractive seems artificial, 
because some repulsive force must balance the attraction. 
Such a field may be supposed to operate mainly at very short 
distances, the exponent of the repulsion potential being large. 
The origin of the repulsive field is not so easily understood as in 
the case of attraction. In the case of a Bohr hydrogen atom, 
it is possible to conceive of the electron as equivalent in effect to 
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three hj^pothetical half-charge negative particles and one half- 
charge positive particle (Figure LXXXIX).® This arrange- 
ment is equivalent to a negative electric field (due to — — |e) 
associated with a pulsating field produced by a rotating dipole 
(due to — Je, +^). The action of such a time-variable field 
has been shown to result in an average repulsive force being 
exerted on an outside electron (Debye). Such considerations 
offer some help in understanding the origin of repulsive 



-% 


Figvss LXXXIX — IixtrsTRATiON of the Possible Origin of the 
Repxilsive Field of the Hydrogen Atom. 


molecular fields, but a better explanation arises in the new 
quantum mechanics (see this chapter • 47) 


46 . Applications 

It is found that, in the case of an inert gas atom outside a 
cr3istal of NaCl type (Vol. i : 33A) considered by Lennard- 
Jones, the van der Waals’ force preponderates over the electro- 
static force at considerable distances. Thus it may be assumed 
that the process of adsorption of the inert gas atom at the crystal 
surface may be explained by the atom being picked up by the 
van der Waals’ force and so brought withm the region where 
the strongly attractive electrostatic field predominates. 

The treatment of the molecular field adopted by Lennard- 
Jones, based on an equation of the type (2), accounts for the 
dewahon of gases from the ideal laws. Moreover, the values of n, 
the repulsive exponent, can be applied to 10ns sim ilaT m 
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structure to the inert gas atoms, valuable information being 
thereby obtained as to the lattice energies of ionic crystals* 

The values of the van der Waals’ constant a in equation (i) 
are found to be approxunately constant for isomeric organic 
substances.® Where substances of diflerent molecular weight 
M are compared, it is found that the function aM^ increases 
with increasing molecular asymmetry. Thus the value of this 
function for ethane (CHsCHs) is 9-7, and for methyl alcohol 
(CHsOH) and methyl acetate (CHsCOOCHj) 19-6 and 82'i 
respectively. Further relations in this connection have been 
traced by van Liempt.* 

Molecular fields have been studied specially in relation to the 
vanatton of the viscosity of a gas with temperature. Maxwell 
found that the viscosity is independent of density, but varies as 
the square root of the absolute temperature. The latter 
relation is not fulfilled, and Sutherland' proposed an improved 
formula for viscosity in which 7 ^ was divided by i + {CjT), 
where C is a quantity directly proportional to the work required 
to separate two molecules of the van der Waals’ t3?pe from 
contact to infinity, and therefore closely akin to the constant 
a in equation (i).* It is found, however, that this correction 
fails to represent the facts for many gases at low temperatures, 
and does not apply to helium at any temperature. Maxwell 
realized that the difficulty lay to a large extent in lack of 
allowance for the effect of molecular fields. The problem has 
been largely solved by Enskog,® Chapman^® and Leimard- 
Joncs.^^ It is shown by the last-named author that all the 
known facts can be accounted for, at any rate qualitatively. 
This work has emphasized the necessity of considering both the 
attractive and repulsive fields in kinetic problems. 

It is necessary to take molecular fields into account also in 
relation to the dispersion of light. Debye’s theory of dispersion 
for the hydrogen molecule is based upon a perio(fic disturbance 
of the motions of electrons in Bohr orbits under the influence of 
a light beam The theory has been tested by Kim,^® who has 
found deviations which become specially marked for shorter 
wave-lengths A large number of attempts have been made to 
improve the theory.^® 
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According to Rayleigh’s theory of scattering, for a beam of 
unpolarized light, the scattered light is partly polarized, 
yielding two components, of equal mean intensity. The theory 
has been subjected to careful investigation by Strutt,^* and 
Cabannes.^® The condition of equal intensity appears to be 
accurately fulfilled for argon and neon, but there are wide 
departures in the case of heUmt. 

By a somewhat more complicated procedure than that of 
Rayleigh, the formula for the depolarization factor A is obtained 
(see equation (26) of Chapter XIII) Molecules whose pro- 
perties are the same in all directions have A = 0, and are 
isotropic. Anisotropy may therefore be measured in terms of 
this number. The following shows values of the ratio A, some 
of which, however, may not be very accurate : — 


H2 0'022 

A 0*00 

Nj 0-037 


NO 0 026 

0 

0 

0 

6 

H 

He 0*42 

Ne<0‘0i 

Oj 0-064 

C«Hj 0-06 

NjO 0 122 

COg 0-098 


It is surprising that helium should show so great evidence 
of lack of electrical symmetry. The deviations of the values 
for pairs of isosteres nitrogen, carbon monoxide and mtrous oxide, 
carbon dioxtde are also striking.® Molecular as3nnmetry cor- 
responds to asymmetry of external field. 

Returning now to polar crystals, we recall that the work on 
atomic structure factors (Appendix to Part I, especially 
references ®’®®) has confirmed the ionic structure postulated by 
the Braggs. Born and Land6,” using an equation of type (2), 
deduced that the lattice energy of a crystal U should be related 
to the repulsion exponent « by an expression which for uni- 
univalent crystals reduces to — 

= (3) 

d \ n/ 

where A is Madelung’s constant. The compressibility of a 
crystal j8 is then given by 

- _ 2-829 X io““A 
^ ~ n — x~ 
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Slater“ measured the compressibilities of eleven alkaU 
haUdes, and so obtained values of n. In his calculations of 
atomic radii, Pauling^® derived an expression for the 
dependence of radius on the valency of an ion, involving n (see 
Vol. 1 : 19C). These researches, in conjunction with the work 
of Lennard-Jones, have led to » = 9 for many ionic crystals 
(perhaps the lower value « = 5 applies to helium-like ions). 
This matter is more fully dealt with in another connection, so 
that it may suf&ce here to refer the reader to the summary by 
Sherman®® for further information. 

London®® found that the van der Waals’ potential might be 
represented by an inverse sixth power term. It has been found, 
further, that the polarization in an ionic lattice is roughly of 
the same magnitude as that due to van der Waals’ force, 
involving The theory was applied to potassium cMonde.^'^ 

Bom and Mayer®* have evolved an improved theory, in which 
the repulsive potential is expressed, not as an inverse power, 
but as an exponential function .of lattice distance, in which the 
Coulomb, van der Waals and repulsive energies are taken into 
account. The expression obtained involves two constants for 
each ion, from which it is possible to calculate lattice distances 
of olkaM haUdes within the probable errors of experimental 
determination. The formula was applied by Mayer and 
Helmholtz®* to the calculation of the lattice energies of alkali 
hahdes and the electron afiinities of the halogens with con- 
spicuous success The work has been extended to the lattice 
energies and distances of stiver and thalhum haltdes^^ It is 
found that there is some homopolar bonding in AgBr, whilst in 
Agl the homopolar potential accounts for 10% of the total 
lattice energy. Similarly, for the cuprous hahdes , and 
particularly for the iodide, homopolar bonding is present. It 
has also been possible to account for the superior stability of the 
cube-centred cubic lattice of ccestum chloride, hromtde and 
toiide ®’ Evjen®* has carried out a new analysis of Slater’s 
compressibility data, as a result of which it is found that 
interionic repulsive forces may be calculated either by an inverse 
power or exponential law. 

Pauling®® has assumed the presence of covalent links in cases 
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where bonding energies axe found to be additive : in such cases, 
the dissociation energy of XY will be the mean of those of Xj 
and Yg. It is foxmd that hydrogen chloride, bromide and iodide 
are mainly covalent (homopolar), sodium and j>otassium 
chlorides are ionic, whilst hydrogen fluoride and the alkaU 
hydrides have intermediate character. Similarly, departures 
from the rule of additivity for interatomic distances may 
indicate polar union, as in the case of flotassium chloride, for 
which d = 2 '65, whilst additivity gives 2-93 A.U.®® In this 
connection, it may be of interest to note that additivity of 
intemuclear distances has been found to hold very well in the 
case of gas molecules, as deduced from band spectra, except for 
metallic molecules such as lithium Lij.®'’ The band spectro- 
scopic data gives the distance Li-Li as 2-67, whilst twice the 
radius of Li, as deduced from crystals, is 3'00. This may 
perhaps be connected with a kind of linkage in metallic gas 
molecules, perhaps of van der Waals’ type, different from the 
covalent linkages which give agre^ent with crystal data and 
the additivity rule. 

The presence of semi-polar bonds, where both electrons for a 
link are provided by one atom, is generally indicated by high 
dipole moment, as in the cases of diflhenyl sulphoxide and 
si^hone.^^ See, further, this Vol. : 27Ab, and ®®. 

i^ce®® has calculated the attractive potential in metals of the 
alkali and alkaline earth group, on the assumption of the presence 
of positive ions surrounded by electrons, and has deduced heats 
of sublimation in satisfactory agreement with experunent. 
Further information concerning linkages in metals will be found 
in Vol. 1 : 33D. 

47. Note on the New Quantum Mechanics 

The fundamental conception of the new quantum mechanics 
arose in the work of de Broglie. It was found that a particle 
of matter in motion was mathematically equivalent to a group 
of waves. Certain experiments of Davisson and Germer and 
of Thomson have suggested that electrons behave hke wave 
motion, for example, in reflection from a nickel surface (see this 
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Vol. : 49 and Vol. 3 : 55F). The development due to 
Schrddinger was the introduction of a fundamental wave 
equation, by means of which, without any empirical data, it 
became possible to calculate molecular and spectroscopic con- 
stants with accuracy. The theory embodies the conception 
that atoms and molecules possess a continuous structure, 
represented by a variation in density of electric charge at 
different distances from the nuclear centres, so that contours of 
equal electron distribution may be drawn. The electron 
distribution within a given small element of volume iV may 
be regarded as proportional to the time spent by an electron 
in that volume, determined by considerations of probability. 
The idea, due to Bohr, of electrons moving in orbits is aban- 
doned, the quantum emission of radiation by atoms and 
molecules being regarded as the result of energy distribution 
changes throughout the whole systems. An isolated atom or 
ion has a spherically symmetrical electron contour distribution 
about the nucleus as centre, the charge distribution falling to a 
small value at a certain distance corresponding to the “ radius ’’ 
of the atom or ion, but extending, at least theoretically, in all 
directions to infinity. It is possible, by means of the theory, to 
consider the interaction of two systems, .say two hydrogen 
atoms to form a hydrogen molecule. 

The conception that ions with completed sub-groups of 
electrons are spherically S3unmetrical has replaced Born’s idea 
that repulsive forces may arise from interaction of electric 
moments between two particles. According to the newer view, 
mutual interpenetration of ions introduces repulsion between 
their nuclei Bom’s polarization formula E — e^ajzd* (see 
Appendix to Part II : 2(b) ) seems to be only an approximation, 
and to be particularly inaccurate at small distances of approach 
of two interacting fields. In the case of interaction of a proton 
with a hydrogen atom, for example, the new quantum mechanics 
gives smaller energy E values than those deduced by Bom’s 
formula Pauling®* has even expressed the view that bettei 
results arc obtained by ncglectmg polarization in molecular 
structure than by using Bom’s relation. 

Heitlcr and London®^ attempted to calculate the bonding 
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energy of the hydrogen molecule by the interaction of two 
atomic wave-functions (Vol. 3: 54F, 55C). James and 
Coolidge* appear to have effected an improvement in the 
method by introducing a molecular wave-function, in which the 
idea of separate atomic functions loses its meaning. At the 
moment, our purpose is to do no more than state that it is 
possible to calculate molecular constants by the wave-theory of 
atomic structure with considerable accuracy. For example, 
Hylleraas treated the lithium hydride polar lattice by the new 
methods and, without the introduction of any empirical data, 
calculated the lattice energy of liH as 219 Cal., as against 
218 Cal., obtained by the use of a Bom cycle. 

It is important to observe that the results are obtained from 
a consistent mathematical theory, starting from first principles, 
independent of assumptions made in earlier attempts. 7?he 
anal3rsis is imfortunately very difB,cult, and has so far only been 
applied in relatively simple cases. Its initial achievements, 
however, justify the behef that the method of argument 
involves the most valuable means of approach to the problem 
of molecular fields so far discovered. Although from some 
points of view it may be desirable to retain orbital atomic 
models, the new theory has already provided a deeper insight 
into problems of simple atomic and molecular structures and 
of interacting fields than has been reached at any time in the 
past. 
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POTENTIAL ENERGIES OF DIPOLE SYSTEMS 
[i) General (Figure XC). 

According to the Coulomb Law (equation (i) of Chapter X), 
the force / between two particles carrying equal charges e of the 
same sign in air (€ = i) is given by / = If the charges 

are equal but unhke in sign, as in Figure XC, the force is 
/ = (+^)(— so “that 



♦- 


+e 




oo 


7. 

Figure XC — Interaction of Two Opposiie Charges 


Thus attractive forces are reckoned negatively (repulsive forces 
positively). The potential energy J in the attractive case under 
consideration is measured by the work W done hy the force in 
bringing either charge in the figure from an infinite distance to 
within distance r of the other, but with sign reversed. Suppose, 
therefore, that one of the charges is moved through an 
infinitesimal distance dr by the force /; the work done is f dr, 
so that 


dr 


= Mr- 
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whence 
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The field at distance r from charge +e is given by putting = i 
in the expression / = since the intensity of field is measured 

by the force on umi charge. This gives for the field 



The potential of the field, or work done on unit charge in bringing 
it from infinity to distance r is then given by a similar integration 
to the above as e\r. 


(2) Ion and Dipole (Figure XCI). 

(a) Rigii Dipole Let a dipole of moment m and dipole length 
2S be considered in relation to a charge +e placed along the axis 



Figure XCI. — Interaction of Ion and Dipole The case considered is 
that of the centre of the ionic charge lying on the line of the dipole axis. 


of the dipole produced at a distance from its centre r, as in Figure 
XCI, with the negative end of the dipole lying towards the positive 
ion, so that the force of attraction predominates. The pole 
strengths are ^ven by +w/2s, —mj2s. Then it follows that the 
net force / is given by 


~ 2sL(r+s)* (r— ~~ 2s s2(2r®--s2)J 

If, now, s IS very small compared with r, neglecting the second 
term in the denominator. 


zme 

r® 


• (iv) 


whence the potential energy J of the rigid dipole m the field F is 
given by 


= ri dr = 
j 00 ^ 

whence, using (hi) above. 


{[:■!„ -ra,.. 


= + 


me 

r* 


J^-mF 
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where m must be replaced by mcosB, if the dipole axis lies at an 
angle 9 with the direction of the field. 

In accordance with (iv), the force between a dipole and a charged 
ion varies inversely as the cule of the distance separating centres. 

(b) Induced Dipole. Imagine now that the dipole in Figure 
XCI was originally induced by the charge e. In this case, the 
potential energy will be different, since energy is used in deforma- 
tion whereby the dipole arises. Let a be the polarizability of the 
atom or molecule in which the dipole is induced. Then it is 
assumed that m = aF (see equation (4) of Chapter XI), so that 
m is given, using (iii), by 

ae , .. 

»» = 7* 

Application of the Coulomb Law will then lead to equation (iv) as 
in the case of the rigid dipole, so that, combining (iv) and (vi), 
the '' quasi-elastic ” force fx is given by 

, 2ae* , ... 

A = — ^5- 


SO that varies inversely as the ffth power of the distance between 
centres. The corresponding potential energy is found by 
integration : 


= w^ 



\\jir*Xa.T L2y*J,_ao 


ae^ nui 




so that 



• (viii) 


The net potential energy in the case of the induced dipole is the 
difference between the energy of the rigid dipole and the energy 
necessary to set it up, whereby = 7 — /i> so that, by (v) and 
(viii), /a is numerically equal to as given by the last equation 
Since m = aF, and e = Fr®, may be expressed in the following 
ways : 

/a = —fnFl2 = — w®/2a = — aF®/2 = — m/2r® 


(3) Two Dipoles in Line (Figure XCII) . 

Let two dipoles lie end-on, as in Figure XCII ; required the 
potential energy of the sjrstem, in terms of the distance between 
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centres r and the moment m. The case considered is that of two 
exactly like dipoles. The force acting is given by a Coulomb 
summation * 

— + 2s* "I 


r2 I r — 

(f+s)2 (f— s)aj — 


r*s^(2r® — s\ 


which leads, neglecting the second terms in numerator and 
denominator, to the following expression : 


/= 


(ix) 


This gives the law of force between two dipoles as varjdng as the 
inverse fourth power of the distance separating their centres. The 



Bk 

's 


Figure XCII — Inieraction of Two Dipoles. Case I. Dipole axes 
lying along the line of centres. 


corresponding potential energy is 
previous cases by the relation 

J - 


given by integration as in 


(X) 


When the dipoles are unhke, of moments w, the corresponding 
expression is fotmd to be In the still more general 

case where the dipoles are unequal and arranged at angles 0i, 0^ 



Kigurr XCIIT — Interaction of Two Dipoles C'«ise 11 
inclined to the line of centies at angles On 02 


Dipole axes 


to the direction of the line joining their centres, the expression is 
m the attractive case (Figure XCTII) * 

J == — ^^^3^^(sin^iSin^2 iJcos^iCos^a)* 
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The case 6^ = o®, 62 = 180® then leads to the end-on position of 
Figure XCII, putting m Wg, equation (x) is obtained. 

Further calculation on the same lines shows that more sym- 
metrical arrangements of charges as in quadrupoles and octupoles 
give laws of force which vary as higher powers of the distance r. 


(4) The Water Molecule (Figure LXXXVI). 

Let the triangular model of the water molecule shown in Figure 
LXXXVI represent the structure, with the oxygen atom carrying 
charge —2e at the point 0 , and with the two hydrogen atoms H 
at distance r from 0, each atom carrying charge +es.t distance s 
apart. Then the dipole axis lies along OK, with the negative end 
towards the two hydrogen atoms. Let a moment be regarded as 
positive if it points in direction from 0 to K. 

The natural dtpole of the model corresponds to a charge — ae 
at 0 and +2e at K. The moment is ae.OK = aercosO, The 
induced dipole (in the opposite direction) is given by —aF = 
2 e 

— . cos^, since the field is a/r® along each limb of the model. 

The total moment jx is then given by 

2ea 

= 2ercos6 — cosd (xi) 


The procedure is next to evaluate the potential energy /, and 
use the condition for stability that this shall have a minimum 
value. J is given by 


7 =- 


26^ 2e^ e^ 
r r s 


a]^ 

2 


using one of the expressions for the potential energy of an induced 
dipole as derived under (viii) (p 450). From this, since s = 2rsinO 
and F = 2«cosff/r®, it follows that 



-4— 2,+~cos*^ 

2sm^ r® 


whence, by differentiation, 


de 


e^ r 

cosfll 

2r - L 


I 

sin®fl 



The condition for minunum 


potential energy is 


dj 

dd 


= 0, so that 


452 



APPENDIX to PAUt It 


EITHER cos^ = 0 (corresponding to a linear symmetrical model 
previously ruled out), or 

yZ 

sin^e = (xii) 

This condition evidently corresponds to a triangular model 
having permanent moment Since sinfl must lie between the 

a 1 

limits 0 and i, the condition must be satisfied. 

The next step involves the introduction of the moments of 
inertia of the molecule about the X and Y axes, written and ly 
At 0 , there is a mass = i6a due to the oxygen atom, and at 
the ends of the limbs masses = a due to the hydrogen atoms, 
where a is the unit of mass, so that the mass of the water molecule 
on this scale = = i8a. By the condition of moments, 

te/gZ = 2Win, where OC = Z, CK = n, giving n = 81 (Figure 

LXXXVI). This yields I (Z+w) =-^r.cos^, andw = q(Z+w) 

y y y 

8 

=-^.cosfl. The moment about the X axis is then + 

2Win^ = 2a{8l^ + n^) by the definition of moment of inertia, 
whence, substituting the above values of Z and n, it follows that 


/v = — y*cos*tf 

(xiii) 

Further, ly is equal to 2w^{sl2y, so that 


ly — 2arhm^9 

(xiv) 

Dividing (xiv) by (xiii), it is found that 


tan^0 = ^ 

9 -f* 

(XV) 


Eucken (ref. of Chapter XIII) gave the following values of the 
Ihiee moments of inertia of the water molecule -- 2-25 x lo" 

I2 = 0*98x10 ^®,/3 = = 3*2 X 10 where /g corresponds 

to rotation about the centre C in the plane of the paper Unccr- 
tamty then exists as to whether (a) and ly = - Jgi oi* 

(b) 1^=^ 1 2 and ~ 7 i Substitution of Euckcn*s values gives 
(a) 6 = 33° , (b) 0 = 55°. Debye favoured the former alternative 
by the following argument. 
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Elinmxating a between (xi) and (xii), 

whence for (a) 0 = 32®, 

£ = (xvia) 

and for (b) 0 = 55^ 


^ = ^•443 


(xvib) 


Now from (xiii) and (xiv), using sm*0 + cos*0 = i, 


r* = 


8-fy + 9^x 


i6a 


whence substituting a = mass of hydrogen atom = I'Sdxio"**^ 
gram, for case (a) 

r = I *07 X io“® (xviia) 


and for case (b) 


f = 1*02 XI0“® 


(xviib) 


These values of r 
respectively, giving 

and 


are now substituted in (xvia) and (xvib) 
/X = 1-34X10”^® . . . (xviiia) 

H' = 4’32 X 10“^® . . . (xviiib) 


The former value corresponds more closely to expenment (Jona 
found I •87x10'"^®). The values of a may now be obtained from 
equation (xii) and hence the polarization P can be calculated by 


Att 

means of the relation P = Na, The two possible models then 

o 

give the following values ■ 



0 

r 

a/a® 

P 

P 

Case (a) 

32° 

I 07 X 10”® 

0*848 

2*64 

i*34Xio”i» 

Case (b) 

55° 

I 02X10”^ 

0*227 

0*617 

4 32 X I0““ 


Wasastjema gave Po- - = 4*06, hence it is concluded that the 
hydrogen atoms enter the outer shell of the oxygen atom Similar 
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models are probable for hydrogen sulphide, sulphur dioxide and 
ethyl ether. 

( 5 ) The Ammonia Molecule (Figure XCIV). 



Figorb XCIV — Structure op the Ammonia Molecule. 

A calculation similar to that carried out above leads to the 
following expression for the moment of the ammonia molecule : 

'* - - ] 

This leads to the alternatives : cosd = o, yielding a plane model 
without moment, therefore rejected ; and 

which corresponds to a pyramidal structure shown in Figure 
XCIV. The hydrogen atoms are at A, B and C. 

(6) Two Equal Dipoles Set at an Angle <j> (Figure LXXXVI). 

Let us consider two moments /t' = r acting at an angle ^ = 20, 
tiic resultant acting along OK (Figure LXXXVI). Then, 
neglecting induction, the resultant is Zfi'cosd = 2/cos^/2 = 
2/*'V (t 1-cos^)/2, whence 


H = /v'a(i+cos^) 
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(7) Three Equal Dipoles Set at an Angle d (Figure XCIV). 

Let three dipoles of moment /t' = r act along NA, NB, NC in 
Figure XCIV, mutually iuclined to each other at an angle $, and 
let the sides of the triangle ABC be represented vectoriaJly by 
moments equal to a. We have 

3 3'^ 3V 4 3\/ 4 Vs 

Further, NK = BK®, so that the resultant moment 

along NK is 




(xxi) 


Now 


so that 


whence 


. e AE 
sia- = Tis 
2 AN 


4/i‘ 


'8 


= sin®- = 
2 


2fl 

6 I—COS0 


a® = 2/i'®(i— cosS) 

Substituting this value of a® in (xxi). 


(xxii) 


whence 




+2COS0 


fi = jLt'y'3(i+2cos^) (xxiii) 

Induction is neglected in the above argument. 


(8) Example of Calculation of Moment (see Bergmann and 


Engel, ref. «» of Chapter XIII). 



( 1 ) 

( 2 ) 

( 3 ) 

(4) 

/Ph 

/PhCl 

/PhCl 

/ 

/ 

/ 


0 

0 

OC 0 

OC 0 

PhCl 

\ ^ 

\ 

\ 


\Ph 

\Ph 

\PhCl 


Benzophenone 

^-chloro- 

p. ^'-dichloro- 

chlorobenzene 


benzophenone 

benzophenonc 


(1 (Expt.) 
xio^* 2-95 

270 

1*64 

1-56 
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Let US calculate the moment of (2) = assuming moments of 
[i), (3) an ’ (4) = Hi, Hi, H respectivdy. 

Consider lag the molecule (2), we have 

= . . . . (xxiv) 

Assuming Hsb. = o» angle d is constant, 

e 

Ha = 2^4,008 — i-Hi (aacvl 

Whence, combining (xxiv) and (xxv), 

Ha = V#*4®+MiM 8 (xxvi) 

Inserting hi = i*56. Hi = 2*95. /*8 = 1*64. (xxvi) gives f*g® = 
7-27, as against experimental value Ha* — 2 '70* = 7*29. 


R 
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